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FOREWORD 

This  volume  is  part  of  the  12-voluine  report  entitled  “Hydrologic 
Engineering  Methods  for  Water  Resources  Development,"  prepared  by  The 
Hydrologic  Engineering  Center  (HEC)  as  part  of  the  U.  S.  Army  Corps 
of  Engineers'  participation  in  the  International  Hydrological  Decade. 
This  volume  discusses  the  basic  principles  that  are  applied  in  reservoir 
operation  for  flood  control,  and  describes  methods  and  procedures  that 
are  consistent  with  these  principles.  Emphasis  is  placed  on  selected 
practical  methods  and  procedures  for  operating  reservoirs  for  flood- 
control  rather  than  on  the  underlying  theory.  Although  many  of  the 
methods  and  procedures  described  herein  have  been  used  successfully 
by  the  Corps  of  Engineers,  the  volume  should  not  be  construed  to  re- 
present the  official  policy  or  criteria  of  the  Corps. 

This  volume  was  prepared  primarily  by  Leo  R.  Beard,  HEC  Director 
until  July  1972.  Messrs.  Bill  S.  Ei chert  (present  HEC  Director), 

Edward  F.  Hawkins,  James  McHughes,  John  C.  Peters,  and  Dale  R.  Burnett 
reviewed  and  provided  valuable  assistance  in  nreparing  this  volume. 


□ □ 


CONTENTS 


Page 

FOREWORD  1 

CHAPTER  1.  INTRODUCTION  1-01 

1.01.  Purpose 1-01 

1.02.  Basic  Principles  1-01 

CHAPTER  2.  CONTROLLED  RESERVOIR  RELEASES  2-01 

2.01.  Release  Considerations  2-01 

2.02.  Use  of  Index  Flows  to  Forecast  Local  Runoff  ....  2-03 

2.03.  Computer-Aided  Forecast  Procedures  2-07 

CHAPTER  3.  REGULATION  OF  RESERVOIR  DESIGN  FLOOD  3-01 

CHAPTER  4.  REGULATION  OF  EXPECTED  FLOODS  4-01 

CHAPTER  5.  OUTLET  CAPACITIES  5-01 

CHAPTER  6.  SPILLWAY  OPERATION  6-01 

6.01.  Considerations  for  Spillway  Operation  6-01 

6.02.  Development  of  Emergency  Release  Schedules  6-03 

6.03.  Initial  Reservoir  Level  6-10 

6.04.  Routing  the  Spillway  Design  Flood  6-13 

CHAPTER  7.  SEASONAL  OPERATION  VARIATIONS  7-01 

7.01.  General 7-01 

7.02.  Seasonal  Rain-Storm  Variations  7-01 

7.03.  Seasonal  Rain-Flood  Variations  7-05 

7.04.  Snowmelt-Season  Limitations  7-07 

7.05.  Drawdown  Limitations  7-11 

CHAPTER  8.  CONDITIONAL  RAIN-FLOOD  RESERVATION  8-01 

8.01.  Nature  and  Limitations  8-01 

8.02.  Selection  of  Index 8-02 

8.03.  Variation  of  Space  Requirement  8-05 

8.04.  Effect  on  the  Control  of  Rain  Floods  ...  8-06 


COtJTEMTS 


Page 


CHAPTER  9.  CONDITIONAL  SNOWrtELT-FLOOD  RESERVATION  9-01 

9.01.  Snowmelt  Forecast  9-01 

9.02.  Latitude  of  Operation 9-02 

9.03.  Forecasted  Space  Requirement  9-03 

9.04.  Standard  Error  of  Estimate  9-03 

9.05.  Error  Allowance 9-05 

9.06.  Formulation  of  Criteria 9-08 

9.07.  Effect  on  the  Control  of  Snov/melt  Floods 9-11 

CHAPTER  10.  MULTIPLE-RESERVOIR  OPEPJlTION  10-01 

10.01.  General  10-01 

10.02.  Incidental  Regulation  by  Conservation  Reservoirs  . 10-91 

10.03.  Flood  Control  Reservoirs  in  Series  10-04 

10.04.  Flood  Control  Reservoirs  in  Parallel  10-06 

10.05.  Index  Levels  and  the  Equivalent  Reservoir  Concept.  10-07 

CHAPTER  11.  OPERATION  COMPROMISE  FOR  RAINFLOODS  11-01 


11.01.  Operation  Conflicts  11-01 

11.02.  Early  Filling  F<equirements 11-01 

11.03.  Delayed  Drawdown  11-02 

11.04.  Transition  Operation  11-03 

11.05.  Means  of  Compensating  for  Space  Reduction  ....  11-07 

CHAPTER  12.  USE  OF  COMPUTER  PROGRAMS 12-01 


SELECTED 

APPENDIX 

APPENDIX 

APFENDIX 

APPENDIX 

APPENDIX 

APPENDIX 


BIBLIOGRAPHY  

1 , SIMULATION  OF  FLOOD  CONTROL  AND 
CONSERVATION  SYSTEMS 

2,  CONDUIT  RATING  - PARTIAL  GATE  OPENINGS 

3,  SPILLWAY  RATING  - PARTIAL  TAINTER  GATE 
OPENINGS 

4,  SPILLWAY  RATING  AMD  FLOOD  ROUTING 

5,  SPILLWAY  GATE  REGULATION  CURVE 

6,  GLOSSARY 


SB-1 


> Follow  page  SD-2 


J 


iii 


CONTENTS 


Page 


LIST  OF  FIGURES  • 

h 

2.01.  Development  of  reservoir  release  rate  2-05  j 

3.01.  Storage  indication  curve  .....  3-04  1 

3.02.  Operational  hydrographs  of  reservoir  routing  - 

uncontrolled  spillv/ay 3-06  i 

6.01.  Gated  spillv<ay  discharge  characteristics 6-04  \ 

6.02.  Schematic  hydrograph  6-05 

6.03.  Spillway  gate  regulation  curves  based  on  inflow 6-08 

6.04.  Spillv/ay  gate  regulation  curves  based  on  rate  of  rise,  , . 6-10  I 

7.01.  Observed  and  adopted  seasonal  distribution  of 

maximum  3-day  precipitation  7-02 

7.02.  Seasonal  precipitation  distribution  criteria  7-06 

7.03.  Hypothetical  flood  routings  7-08 

7.04.  Seasonal  flood  control  space  requirement  7-00 

7.05.  Flood-control  diagram  7-10 

9.01.  Snovmielt  runoff  vs  required  space 9-04 

9.02.  Standard  errors  of  estimating  snov/melt  runoff 0-07 

9.03.  Preliminary  flood-control  diagram  9-00 

10.01.  Division  of  flood-control  space  reservoirs  in  series  . . . 10-03 

10  02.  Reservoir  configuration  for  equivalent  reservoir  example  . 10-09  | 

11.01.  Criteria  for  reduction  of  flood  releases  11-04  i 

11.02.  Hypothetical  operation  of  recorded  flood  11-08  1 


LIST  OF  TABLES 


3.01.  Computation  of  storage  indication  3-03 

3.02.  Reservoir  routing  3-05 

6.01.  Computations  for  spillway  gate  regulation  schedule  6-07 

7.01.  Maximum  observed  3-day  precipitation  early-season 

and  late-season  storms  in  California  7-03 

9.01.  Forecast  verification  data  natural  April-July  flows  ....  9-06 

9.02.  Computation  of  snov/melt  parameters 9-10 

10.01.  Equivalent  reservoir  level  - storage  characteristics  ....  10-09 

11.01.  Computation  of  release  reduction  criteria  11-06 


I 


CHAPTER  1.  INTRODUCTION 


Section  1.01.  Purpose 

The  purposes  of  this  volume  are  to  present  basic  principles  of 
reservoir  operation  for  flood  control  and  to  describe  procedures  for 
establishing  operational  criteria.  Topics  include  determination  of 
reservoir  release  rates,  regulation  of  the  reservoir  design  flood, 
considerations  for  determining  outlet  and  spillway  regulation,  deter- 
mination of  rule  curves,  and  procedures  for  analyzing  multiple- 
reservoir  operation.  The  applicability  of  computer  simulation  for 
establishing  operational  criteria  is  discussed,  and  several  computer 
programs  are  described  in  the  appendixes. 

Section  1.02.  Basic  Principles 

Basic  principles  applied  in  reservoir  operation  for  flood  control 
are  summarized  briefly  as  follows: 

£.  The  reservoir  storage  reserved  for  flood  control  should  be 
utilized  in  such  a manner  as  to  maximize  benefits  over  the  life-time 
of  the  reservoir.  For  completed  projects  reservoir  space  allocated  to 
flood  control  should  be  utilized  to  assure  the  protection  for  which  the 
project  was  designed  and  upon  which  downstream  interests  have  based 
their  developments. 
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b.  Reduction  in  flood  control  space  requirements  can  sometimes 
be  made  on  the  basis  of  seasonal  variation  in  flood  potential  or,  if 
long-term  forecasts  are  dependable  (as  in  the  case  of  snowmelt  floods 
in  some  regions),  space  can  be  adjusted  in  relation  to  the  forecast. 

£.  Reservoir  space  provided  for  flood  control  should  be  held 
empty  during  times  when  full  flood  potential  exists,  except  for  tempo- 
rary storage  of  flood  waters  to  prevent  downstream  flooding. 

Whenever  water  is  stored  in  flood  control  space,  releases 
should  be  made  at  maximum  rates  that  do  not  cause  substantial  damage 
downstream,  subject  to  limiting  controls  on  the  rate-of-change  of  release 
and  subject  to  unforeseen  emergency  conditions. 

e.  Reduction  in  target  release  rates  when  the  flood  hazard  is  low 
is  discouraged,  because  such  intermittent  protection  encourages  devel- 
opment in  low  areas  that  can  inhibit  important  flood  releases  in  the 
future. 

£.  Maintenance  of  channel  capacities  and  proper  management  of 
flood  plains  downstream  of  reservoirs  is  especially  important  for  main- 
taining reservoir  release  capability. 

£.  The  operation  of  very  large  outlet  gates  and  particularly  the 
operation  of  spillway  gates  can  be  extremely  hazardous  and  should  be 
strictly  regulated  by  the  use  of  emergency  release  rules. 

The  methods  and  guides  presented  in  the  following  chapters  are 
intended  to  be  consistent  with  these  principles. 
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CHAPTER  2.  COflTROLLEf)  RESERVOIR  RELEASES 
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i 

I 

I 

j 

i 
i 

Section  2.01.  Release  Considerations  j 

i 

As  (iisciissed  in  Volume  1,  it  is  qenerally  most  economical  and  ’ 

i 

effective  to  make  maximum  releases  to  emoty  flood  storaqe  consistent  i 

with  dov/nstream  conditions  in  order  to  minimize  the  need  for  valuable  \ 

reservoir  flood  control  space,  flaximun  feasible  tarqet  flov/s  at  any  | 

downstream  location  are  usually  those  that  do  not  produce  serious  ‘ 

flood  damage  by  inundation.  The  stage  (elevation)  at  which  serious  j 

damage  begins  can  be  determined  from  topoqraohic  map  studies  and  field  j 

inspections.  The  flow  corresponding  to  this  stage  is  determined  from  | 

a rating  curve  that  can  be  constructed  from  observed  flood  stages  and 
flows.  The  maximum  nondamaqing  flow  can  vary  seasonally,  for  example 

• I 

v/here  damages  are  orimarily  agricultural,  l/here  flow  measurements  are 
not  available,  v/ater  surface  nrofiles  for  various  flov/s  mav  be  computed, 
using  methods  described  in  Volume  6,  and  a stage-discharoe  curve  can  | 

then  be  contructed.  The  best  information  on  water  surface  profiles  \ 

and  inundated  areas  is  that  obtained  during  and  immediately  follov/ing  I 

actual  floods  v/here  the  peak  flow  is  known  and  hiqh-v/ater  marks  are  | 

i 

obtained  along  the  damage  reach.  \ 

\ 

If  good  observational  data  are  not  available  for  estimating  i 

maximum  flov/s  that  are  not  seriously  damaging,  it  can  often  be  inferred  j 

that  the  flov/  exceeded  in  half  of  the  years  (i.e.,  the  2-year  flood  as  < 

determined  from  a flow  frequency  study)  is  aporoximately  the  maximum  i 
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flov;  that  is  liot  soriously  damaqinT.  This  is  boc^  .!se  those  who  are 
damaged  soon  learn  to  avoid  frequent  damage  if  it  is  serious.  It 
s‘'.oulJ  noted,  however,  that  reservoir  control  often  reduces  the 
frequency  of  such  flows,  and  the  tendency  to  use  flood-prone  areas  un- 
wisely must  b>.  controlled  by  regulations,  particularly  v/'ten  the  flood- 
control  effectiveness  of  reservoirs  depends  on  the  availability  of 
downstream  channel  capacity. 

In  a planning  study  in  w!iich  the  storage  and  release  capacity  and 
operation  rules  for  a flood  control  reservoir  are  being  determined, 
dllov/ance  must  be  made  for  imperfection  in  operation  as  discussed  in 
Volume  1.  Experience  in  the  western  United  States  has  shov/n  that  for 
design  purposes,  the  target  flow  at  damage  locations  sliould  be  about 
fiO  oercent  of  the  actual  flow  above  v/hich  significant  damages  occur. 
Then,  in  actual  operation,  every  effort  should  be  made  to  utilize 
effectively  all  of  the  flow  capacity.  If  this  is  done,  the  effective- 
ness of  actual  operation  can  reasonably  approacfi  the  design  objectives. 

Wiiere  a reservoir  is  operated  to  regulate  floods  at  locations  a 
considerable  distance  downstream,  allowance  must  be  made  for  local 
runoff  that  ’./ill  occur  downstream  of  the  dam  and  above  the  damage 
area.  The  release  from  the  reservoir  is  determined  as  the  difference 
between  the  target  flow  and  the  maximum  local  runoff  forecasted  to 
occur  during  the  times  when  a portion  of  the  current  releases  v/ill 
reach  the  damage  area.  Maximum  forecasted  local  runoff  in  the  applica- 
tion is  the  "best  forecast"  amount  plus  a contingency  allowance.  This 
contingency  alloi/ance  usually  ranges  from  25  to  100  oercent  of  the 
local  runoff  during  rain  floods,  because  forecast  accuracy  for  rapidly 
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changiny  flov/  is  rather  ^oor.  The  awount  of  contingency  depends  on  the 
conseniiences  of  exceeding  target  flo\/s.  If  these  are  serious,  as  v/here 
levees  exist,  the  continnency  allov/ance  should  he  hinh  in  order  to 
avoid  a preventable  disaster. 

The  imnortance  of  coordinating  releases  to  forecasted  local  inflows 
at  a dov.nstrean  damage  location  depends  to  some  extent  on  the  relation 
of  flood  control  storage  to  release  rate.  Where  storane  is  large  and 
the  amount  of  v/ater  that  can  he  released  diirino  the  flood  inflow  period 
is  a Si.iall  part  of  the  design  flood  volume,  it  may  not  be  v/orthv/hile  I 

to  take  an  unnecessary  chance  of  exceeding  safe  flows  downstream.  On  | 

the  other  hand,  v/here  the  release  during  floods  is  large  and  consti- 
tutes a maior  part  of  the  design  flood  volume,  failure  to  make  maximum 
feasi!)le  releases  during  flood  inflow  periods  could  be  disastrous. 

I 

Section  2.02.  Use  of  Index  Flows  to  P^orecast  Local  Runoff 

Experience  has  demonstrated  that  forecasts  of  runoff  based  on 
measured  rainfall  are  not  highly  dependable  and  that  the  use  of  fore- 
casted rainfall  for  flood  operations  is  subject  to  major  uncertainty. 

Where  forecasts  of  local  runoff  downstream  of  a reservoir  must  be  made 
for  release  scheduling,  it  is  usually  best  to  use  river-stage  reports 
from  an  index  location  within  the  local  tributary  area  as  an  indicator 
of  the  total  runoff.  If  index-station  flows  at  the  tine  of  a particular 
reservoir  release  correlate  with  local  runoff  that  reaches  the  damage 
center  as  late  or  later  than  the  reservoir  release  does,  a relationship 
between  index  flow  and  total  local  flow  can  be  developed,  alono  with 
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reliabilitv  criteria,  for  use  in  directly  establishino  sa^e  releases. 
This  aporoach  is  valid  even  if  the  inf^ex  flov/s  are  only  a small  fraction 
0^  the  total  local  flov/s.  A sinple  method  is  as  follov/s: 


a.  Plot  observed  hydrooraphs  for  the  index  station  and  corre- 
spondim  hydrograoiis  of  local  runoff  at  the  damaoe  center  for  as  mao'/ 
historical  floods  as  oossible.  A schematic  reoresentation  of  a local 
^low  area  and  an  index  area  is  s'lov/n  in  fin.  2.01a. 

Determine  a time  of  flood  v/ave  travel,  t,  from  the  reservoir 
to  the  damaoe  center.  Shift  the  local  flo./  hvdrooranhs  a time  period 
t earlier.  This  is  illustrated  in  fin.  2.01b. 

£.  Shift  the  index-flow  hydroqraphs  so  tliat  peaks  are  coincident 
v/ith  the  peaks  of  the  translated  local  flnv/  hvdrodraolis.  The  lennth 
of  time  an  iof^ex  hvdropraoh  is  shifted  is  the  "time  ot  advance  warnin'’, " 
T,  as  illustrated  in  fin.  2.nib.  If  T is  negative,  the  index  flow 
occurs  too  late  to  orovide  a qood  warninq,  but  index  flow  can  still  be 
used  to  so  e advantaoe  in  the  same  manner.  Adopt  a "reoresentative" 
value  of  T for  subseouent  stens  in  tiie  procedure. 

(U  For  each  flood,  olot  simultaneous  values  at  frequent  intervals, 
of  the  two  translated  hydroqranhs  from  steps  "b"  and  "c".  The  tv/o 
translated  hydroqraphs  are  shown  dashed  in  fiq.  2.01b,  and  nlottoH 
points  are  shov/n  in  fiq.  2.01c.  Draw  a lino  en’/elopinq  the  hiqhest 
values  of  damaoe-center  local  flows  so  that  the  line  is  smooth  and  passes 
throuqh  the  origin,  as  in  fiq.  2.01c. 

e.  Construct  a "release  curve"  from  this  "envelooe  curve"  by 
Plotting  the  difference  between  the  tarqet  flow  and  the  envelope  value 
of  local  flow  aqainst  t;ie  index  flow,  as  in  fiq.  2. Old.  Fiq.  2. Old  can 
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FLOOD  WAVE  TRAVEL  TIME  FROM  RESERVOIR 
TO  DAMAGE  CENTER  = t 


a.  SCHEMATIC  DIAGRAM  b.  ILLUSTRATIVE  HYDROGRAPHS 


c.  ENVELOPE  CURVE  d.  RELEASE  CURVE 

Fig.  2.01.  OevelopMnt  of  rttcrvoir  rolease  rate 
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then  be  used  to  determine  the  flood  control  release  to  make  a time 
period  T following  a given  Index  flow. 

In  order  to  understand  this  procedure.  It  Is  Important  to  remember 

that: 

i.  There  Is  a delay,  t,  between  the  time  that  releases  are  made 
and  the  time  that  they  reach  the  damage  center.  It  Is  therefore  neces- 
sary to  match  current  releases  with  local  flows  expected  to  occur  at 
the  damage  center  at  a time  t later.  A refinement  to  the  procedure 
would  be  to  account  for  routing  effects  by  obtaining  the  translated  local 
flows  by  a reverse  routing  process  rather  than  pure  lagging. 

Maximum  correlation  between  some  index-station  flows  and  local 
flows  Is  obtained  If  local  flows  are  offset  in  time  so  that  the  peak 
local  and  peak  Index  flows  coincide.  If  this  offset  time  is  greater 
than  t,  there  will  be  some  advance  warning  time  using  index  flows  to 
forecast  local  flows  t time  periods  later.  If  this  offset  time  Is  less 
than  t,  maximum  correlation  between  local  and  Index  flows  must  be  sacri- 
ficed in  order  to  forecast  early  enough,  so  index  flows  are  correlated 
with  local  flows  that  occur  t later,  even  though  higher  correlation 
could  be  obtained  with  some  different  offset. 

Where  records  are  not  available  for  the  Index  station  or  for  com- 
puting local  runoff,  an  approximate  relation  can  be  obtained  In  the 
same  manner  If  balanced  hypothetical  floods  for  the  Index  station  and 
local  runoff  were  computed  for  several  sizes  of  floods  using  procedures 
described  In  Volume  5.  An  error  allowance  for  forecasting  local  flow 
from  Index  flow  should  be  added  to  the  local  flow.  The  amount  would 
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depend  on  the  suitability  of  the  Index  station  and  the  consequences  of 
exceeding  target  flows  at  the  damage  center,  and  would  range  typically 
between  25  and  TOO  percent  of  the  forecasted  local  flows. 

Where  more  than  one  downstream  damage  center  must  be  protected  on 
a forecast  basis  by  a reservoir,  this  entire  process  Is  repeated  for 
each  damage  center,  and  the  smallest  current  allowable  release  Is 
adopted. 

Section  2.03.  Computer-Aided  Forecast  Procedures 

In  the  index  approach  just  described,  reservoir  releases  are  based 
on  runoff  that  is  occurring  at  an  "Index"  station,  and  use  Is  not  made 
of  precipitation  Information.  Computer-aided  forecast  procedures 
currently  (1975)  available  In  the  United  States  employ  sophisticated 
precipitation-runoff  models  that  can  utilize  precipitation  forecasts  In 
determining  streamflow  forecasts.  Three  computer  programs  that  are 
used  on  an  operational  basis  for  forecasting  streamflows  are  described 
[ In  references  1,  4, and  11. 

In  order  to  determine  reservoir  releases  for  planning  studies  where 
flows  throughout  the  basin  are  known,  or  for  real-time  flood  operations 
where  forecasted  flows  are  developed  by  an  external  procedure,  the  pro- 
cedures employed  In  computer  program  HEC-5C,  Simulation  of  Flood  Control 
and  Conservation  Systems,  have  been  found  to  be  useful.  Exhibit  2 of 
Appendix  1 Illustrates  the  procedure. 
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CHAPTER  3.  REGULATION  OF  RESERVOIR  DESIGN  FLOOD 


In  cases  where  a specific  observed  or  hypothetical  reservoir 
design  flood  has  been  adopted  as  a basis  for  establishing  flood  control 
space,  the  amount  of  space  required  is  determined  by  performing  a 
routing  (an  operation  study)  of  that  flood.  Routings  can  be  oerformed 
by  manual  methods  or  by  using  a computer  program  such  as  HEC-5C.  The 
Initial  storage  In  the  reservoir  used  In  such  a routing  should  be  the 
maximum  storage  that  could  reasonably  be  anticipated  at  the  start  of  a 
major  flood.  In  general,  this  would  be  storage  at  the  top  of  the 
conservation  pool,  which  Includes  storage  required  for  all  purposes 
other  than  flood  control  (Including  a reserve  for  sedimentation).  No 
storage  should  exist  In  the  flood  control  space  at  the  start  of  a reser- 
voir design  flood,  because  this  flood  should  Include  all  periods  of 
heavy  runoff  that  would  cause  storage  In  the  flood  control  space  and 
affect  the  maximum  reservoir  stage  during  that  flood. 

Releases  made  during  the  reservoir  design  flood  are  controlled  by 
outlet  capacity  and  by  target  flows  downstream  of  the  reservoir.  During 
those  periods  when  the  controlling  constraint  Is  downstream  of  the 
reservoir,  the  operation  study  Is  performed  by  adding  the  Inflow  volume 
during  any  computation  Interval  to  the  storage  at  the  start  of  that 
interval  and  subtracting  the  average  release  during  that  Interval  that 
would  be  pennitted  by  downstream  controls.  During  times  when  releases 
are  controlled  by  outlet  capacity  or  are  otherwise  a unique  function  of 
storage,  routing  Is  performed  by  use  of  storage-indication  curves. 
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because  outflow  changes  during  the  computation  Interval  and  must  be 
estimated  at  the  start  of  the  Interval.  The  general  routing  procedure 
Is  as  follows: 

A.  Compute  the  average  reservoir  Inflow,  Including  rainfall  on 
the  lake,  for  each  computation  Interval  of  the  flood. 

If  outflow  Is  strictly  a function  of  storage  during  any  portion 
of  the  flood,  prepare  a storage-indication  curve  by  plotting  outflow 
against  storage  Indication.  Storage-Indication  Is  equal  to  half  of 
the  outflow  plus  all  of  the  storage,  where  storage  is  expressed  In 
volume  units  that  represent  one  unit  of  outflow  continuing  for  one 
computation  Interval  of  time.  This  is  Illustrated  In  table  3.01  and 
fig.  3.01. 

c.  Where  outflow  Is  strictly  a function  of  storage,  start  with 
the  storage  indication  value  corresponding  to  the  specified  Initial 
storage,  subtract  the  corresponding  outflow  and  add  the  average  Inflow 
for  the  computation  Interval  to  obtain  storage  indication  for  the  end 
of  the  computation  interval.  A value  of  outflow  for  the  end  of  the 
Interval  Is  then  read  from  the  storage- Indication  curve.  This  step  Is 
repeated  for  each  interval,  starting  with  the  new  storage-indication 
value,  as  Illustrated  In  table  3.02.  Fig.  3.02  Illustrates  the  routing 
graphically. 

Where  outflow  depends  on  conditions  downstream,  determine  the 
average  outflow  for  each  current  Interval  In  accordance  with  the  regula- 
tions, subtract  from  Initial  storage  for  the  Interval  and  add  average 
inflow  for  the  Interval  to  obtain  storage  at  the  end  of  the  Interval, 
Storage  must  be  expressed  In  volume  units  corresponding  to  one  unit  of 
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outflow  (and  inflow)  continuing  for  one  Interval.  This  step  Is  repeated 
for  each  Interval  of  the  flood. 

e^.  The  outflow  hydrograph  obtained  In  this  manner  should  be  routed 
to  downstream  damage  locations  and  combined  with  local  runoff  to  evaluate 
effects  of  design-flood  regulation.  Generally  the  outflow  determination 
for  downstream  conditions  requires  an  Iterative  process  of  trial  re- 
leases and  routing  to  determine  the  maximum  release  that  can  be  made 
without  causing  flooding.  Examples  of  a hand  computation  and  computer 
solution  for  an  operation  study  for  a single  reservoir  operating  for 
two  downstream  control  points  Is  shown  In  Exhibit  2 of  the  HEC-5C  Users 
Manual  (Appendix  1). 


Table  3.01.  Computation  of  storage  Indication 


Elevation 

Storage 

Outflow 

Storage-Indication 

(meters) 

(million 

m^) 

(cms-2hr) 

(cms) 

(cms-2hr) 

128 

778 

108,000 

0 

108,000 

130 

864 

120,000 

2,000 

121 ,000 

132 

950 

132,000 

8,000 

136,000 

134 

1,037 

144,000 

18,000 

153,000 

136 

1,123 

156,000 

30,000 

171 ,000 

138 

1,210 

168,000 

44,000 

190,000 

If  the  results  of  the  reservoir  operation  study  for  a given  design 
are  not  satisfactory,  either  because  flows  are  too  high  or  reservoir 
storage  Is  not  fully  utilized,  the  reservoir  size,  outlet  capacity  or 
operation  method  should  be  changed,  and  a new  routing  performed.  This 
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Table  3.02.  Reservoir  routing 


Time 

Average 

Inflow 

End-of-Perlod 

Storage 

Indication 

End-of-Period 

Outflow 

End-of-Perlod  ] 

Storage  j 

(hours) 

(cms) 

(cms-2  hr) 

(cms) 

(million  m^)  j 

108,000 

0 

778 

0-2 

20,000 

128,000 

4,500 

906 

2-4 

30,000 

153,500 

18,500 

1,040 

4-6 

50,000 

185,000 

40,000 

1,188 

6-8 

45,000 

190,000 

44,000 

1,210 

8-10 

30,000 

176,000 

34,000 

1,146 

■ C 
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process  Is  repeated  until  a design  Is  obtained  that  will  provide  • 
satisfactory  degree  of  protection  at  mlnlnun  cost.  In  this  procedure, 
a graphical  representation  of  pertinent  flows  such  as  Is  Illustrated 
In  fig.  3.02  can  be  helpful  In  estimating  how  changes  In  release 
schedules  would  change  storage  requirements  or  how  changes  In  storage 
capacity  would  change  the  capability  to  control  releases.  Changes  In 
downstream  flow  volumes  must  correspond  to  changes  In  the  volume  of 
water  stored  or  released  from  the  reservoir. 


CHAPTER  4.  REGULATION  OF  EXPECTED  FLOODS 


The  degree  of  flood  protection  provided  by  a reservoir  may  vary 
seasonally  or  stochastically  with  varying  hydrologic  conditions.  For 
example,  when  flood  control  requirements  conflict  seriously  with  other 
project  functions.  It  may  be  advisable  to  compromise  and  reduce  the 
degree  of  flood  protection  during  certain  periods  of  the  year.  As 
another  example,  an  extended  period  of  drought  could  result  In  substan- 
tial  empty  space  within  the  conservation  pool  at  the  start  of  a major 
flood.  In  which  case  a higher  degree  of  protection  than  usual  would  be 
provided.  In  order  to  evaluate  any  plan  of  operation.  It  Is  necessary 
to  integrate  the  effects  of  all  combinations  of  conditions  and  potential 
flood  magnitudes  that  can  prevail. 

A complete  evaluation  of  a plan  of  operation  could  theoretically 
be  made  If  the  operation  of  the  reservoir  were  studied  in  detail  under 
conditions  prevailing  during  hundreds  of  years,  presuming  that  all  of 
the  Important  combinations  of  Initial  conditions,  downstream  conditions 
and  Inflow  conditions  would  be  adequately  represented  In  such  a long 
period  of  time.  However,  It  Is  not  ordinarily  feasible  to  perform  such 
extensive  computations,  and  some  means  must  therefore  be  employed  for 
approximating  the  results  that  would  be  obtained. 

The  most  conmon  method  of  evaluation  Is  to  route  all  major  hlstorl- 
al  floods  through  the  reservoir  for  one  or  more  conditions  of  Initial 
storage.  One  assumed  condition  might  be  that  the  reservoir  flood  space 
Is  empty  at  the  beginning  of  the  flood.  Another  procedure  would  be  to 
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base  the  starting  storage  on  the  results  of  monthly  operation  studies. 

Where  reservoir  conditions  at  the  start  of  each  flood  are  not  essen- 
tially constant  as  In  the  case  of  a reservoir  operated  for  flood  control 
only,  It  Is  sometimes  satisfactory  to  select  a typical  flood  pattern  for 
Inflows  and  one  for  local  flows  downstream  and  to  route  eight  or  ten 
sizes  of  floods  (ratios  of  the  typical  flood  hydrographs)  through  the 
reservoir  and  downstream,  using  techniques  described  In  the  preceding 
chapter.  The  frequency  of  occurrence  of  each  regulated  flood  Is  consi- 
dered to  correspond  to  the  frequency  of  occurrence  of  the  corresponding 
unregulated  flood.  This  rule  Is  satisfactory  as  long  as  the  pattern 
used  is  reasonably  typical  of  the  various  flood  patterns  that  occur  at 
the  location.  Where  different  types  of  floods  occur,  such  as  snowmelt, 
general  rain  floods  and  cloudburst  floods.  It  v/ould  be  necessary  to 
perform  this  operation  for  each  type  of  flood.  Separate  frequency  curves 
of  unregulated  flows  would  be  required  for  each  type  of  flood. 

Where  reservoir  conditions  at  the  start  of  each  flood  can  be  mater- 
ially different,  the  above  set  or  sets  of  flood  routings  should  be 
repeated  for  each  of  various  starting  conditions.  This  would  give  a 
frequency  curve  of  regulated  flows  for  each  starting  condition.  These 
must  then  be  combined  Into  a single  frequency  curve  of  regulated  flows 
as  follov;s: 

a.  Determine  from  a monthly  multipurpose  operation  study  the  pro- 
portion of  time  that  each  starting  condition  (range  of  initial  storage) 
will  prevail  during  the  flood  season. 
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b.  For  each  of  various  specified  magnitudes  of  regulated  flows, 
multiply  the  frequency  indicated  for  each  starting  condition  by  the  pro- 
portion of  time  that  the  starting  condition  prevails. 

c.  Add  these  products  to  obtain  the  frequency  of  the  specified 
flow  magnitude. 

This  procedure  for  obtaining  a frequency  curve  is  illustrated  in 
Section  8.06  of  Volume  3. 

The  computer  program  HEC-5C  described  in  Appendix  1,  can  be  used 
to  perform  monthly  multipurpose  reservoir  routings  and  short  interval 
flood  routings  during  the  same  computer  run.  The  program  can  also  be 
used  for  performing  reservoir  system  flood  operation  studies  for  up  to 
nine  ratios  of, any  number  of  flood  patterns,  and  can  compute  regulated 
frequency  curves  and  expected  average  annual  flood  damage  with  and 
without  the  reservoir  systems. 
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CHAPTER  5.  OUTLET  CAPACITIES 


Outlets  and  gates  provided  at  reservoirs  should  be  adequate  to 
perform  the  services  for  which  the  reservoir  is  to  be  operated.  These 
should  include  routine  operation  requirements,  potential  changes  in 
operation  functions  and  objectives,  and  requirements  for  project 
servicing  and  safety.  In  the  last  category  are  emergency  gates  for 
closing  outlets  for  repairs  to  the  main  service  gates,  and  gates  which 
provide  outlet  capacity  near  the  bottom  of  the  reservoir  to  drain  the 
reservoir  to  the  extent  necessary  for  emergency  repairs. 

The  outlet  capacity  usable  for  functional  operation  purposes  is 
that  which  can  reasonably  be  depended  upon  when  needed.  It  must  be 
ascertained  that  gates  can  be  operated  safely  at  partial  or  full  opening, 
as  might  be  necessary,  under  al''  hydraulic  heads  that  can  prevail.  If 
the  discharge  capacity  of  hydroelectric  turbines  is  to  be  counted  upon 
for  other  purposes,  it  is  necessary  that  they  be  operable  when  needed, 
regardless  of  variations  in  power  load. 

The  discharge  capacity  of  outlets  is  computed  in  accordance  with 
the  general  equation: 

Q * CAH^/^ 

v/here: 

Q = discharge  rate 

C = coefficient  of  discharge  and  unit  conversion 

A = cross-sectional  area 

H » vertical  distance  from  static  water  level  to  centroid 
of  A or  to  downstream  tailwater,  if  higher 
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Values  for  the  coefficient  C are  obtainable  from  standard  hydraulics 
handbooks,  but  model  tests  for  evaluating  C should  be  made  v/here  unusual 
conditions  exist  and  discharge  determinations  are  critical,  particularly 
for  partial  gate  openings.  Reference  8 provides  information  on  calcu- 
lation of  rating  curves  for  outlet  v;orks.  Where  possible,  outlet 
discharge  rating  curves  should  be  checked  by  prototype  measurements 
dovynstream  as  soon  after  project  construction  as  is  feasible. 

Where  very  large  release  capacities  are  required  for  flood  control 
it  might  not  be  economically  feasible  to  follov/  the  normal  procedure  of 
providing  outlet  capacity  for  full  flood-control  releases  v/hen  the  reser- 
voir stage  is  at  the  top  of  the  conservation  pool.  If  full  release  capa- 
city is  not  provided,  it  should  be  remembered  that  reduced  outlet  capacity 
must  be  accompanied  by  increased  storage  capacity,  or  else  the  flood 
control  effectiveness  will  be  reduced.  The  proper  balance  among  outlet 
capacity,  storage  capacity,  and  degree  of  flood  protection  provided  can 
be  obtained  through  studies  of  costs  and  benefits  and  consideration  of 
other  factors  such  as  safety  and  minimum  protection  standards.  Such  stud- 
ies would  include  comprehensive  flood  routings  as  discussed  in  Chapter  4. 

There  are  occasions  where  local  inflows  above  downstream  damage 

t 

locations  are  so  large  as  to  severely  restrict  the  releases  that  can 
safely  be  made  from  the  reservoir  during  critical  flood  periods.  In 
such  cases,  outlet  capacity  substantially  below  downstream  channel  capa- 
cities might  be  adequate.  In  order  to  select  the  best  release  capacity, 
comprehensive  flood  routings  discussed  above  should  include  typical 
sequences  of  floods  long  enough  to  assure  that  expected  sequences  of 
floods  can  be  adequately  regulated. 
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In  the  case  of  a flood  control  reservoir  emptying  Into  a downstream 


flood  control  reservoir,  the  outlet  capacity  of  the  upstream  reservoir 
should  be  sufficient  to  assure  that  Its  flood  control  space  can  be  emptied 
during  the  period  when  high  tallwater  exists  due  to  water  being  stored 
In  the  flood  control  space  at  the  downstream  reservoir,  under  any  reason- 
able  distribution  of  Inflows  to  the  two  reservoirs.  This  will  assure 
that  the  reservoir  system  can  operate  efficiently  by  making  full  required 
releases  from  the  downstream  reservoir  whenever  water  Is  stored  In  flood 
control  space  at  either  reservoir. 

In  the  case  of  two  flood  control  reservoirs  on  separate  tributaries 
above  the  same  damage  center,  the  outlet  capacity  of  each  should  be 
large  enough  to  supply  target  flows  at  the  damage  center  with  minimum 
expected  simultaneous  release  from  the  other  reservoir.  Again,  this 
provision  Is  necessary  to  assure  the  capability  of  making  full  flood 
control  target  flows  at  the  damage  location  whenever  water  Is  In  flood 
control  space  at  either  reservoir.  This  Is  subject  to  provisions  dis- 
cussed above  for  cases  where  local  runoff  below  the  reservoirs  and  above 
the  damage  center  Is  so  large  as  to  warrant  smaller  outlet  capacities. 


CHAPTER  6.  SPILLWAY  OPERATION 


Section  6.01.  Considerations  for  Spillway  Operation 

The  primary  purpose  of  a spillway  Is  to  prevent  overtopping  of 
the  dam  by  flood  flows  In  excess  of  those  which  the  project  Is  designed 
to  regulate,  up  to  the  spillway  design  flood.  There  are  other  purposes 
for  which  a spillway  may  be  used,  hoviever.  For  example,  gates  may  be 
added  to  an  existing  spillway  to  permit  storage  of  water  above  the  spill- 
way crest  level  during  periods  when  It  Is  safe  to  do  so.  It  Is  sometimes 
desirable  to  close  gates  on  the  outlet  works  to  take  advantage  of  the 
limited  capacity  of  the  spillway  under  low  heads  and  thus  prevent  down- 
stream damage.  This  Is  only  feasible,  of  course.  If  the  flood  does  not 
greatly  exceed  project  design  magnitudes.  Whenever  the  spillway  Is  used 
for  such  secondary  purposes,  however,  every  care  must  be  exercised  to 
assure  that  the  gates  can  and  would  be  operated  so  as  to  make  the  full 
capacity  of  the  spillway  and  outlets  available  when  needed  for  protection 
of  the  structure. 

The  size  and  characteristics  of  a spillway  are  based  on  economic 
and  operation  studies  of  a spillway  design  flood.  In  the  case  of  pro- 
jects where  exceeding  the  spillway  capacity  would  result  In  a major 
disaster.  It  Is  Important  to  provide  a large  enough  spillway  to  pass  the 
probable  maximum  flood  (described  In  Volume  5)  without  major  structural 
failure.  In  other  cases,  a smaller  spillway  design  flood  might  be  satis- 
factory. The  final  design  of  the  spillway  should  be  such  that  it  will 
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safely  pass  the  spillway  design  flood  occurring  at  a time  when  the 
reservoir  Is  as  full  as  could  occur  In  advance  of  such  a flood,  adhering 
to  the  specific  rules  by  which  the  project  would  be  operated  under  such 
conditions.  The  spillway  operation  must  not  be  dependent  on  comnunl- 
catlons  that  are  subject  to  failure  or  on  expert  analysis  that  might 
not  be  available  at  the  time. 

During  floods  that  make  use  of  the  spillway  and  result  In  down- 
stream flows  that  are  damaging,  the  follov/ing  precautions  are  necessary: 

i.  Outlet  and  spillway  gates  should  not  be  opened  so  rapidly  that 
damaging  flows  downstream  will  be  larger  than  would  occur  without  the 
project. 

Opening  of  gates  must  start  early  enough  to  allow  an  orderly 
opening  of  the  gates  to  their  full  capacity  without  storing  water  above 
the  maximum  safe  level  In  the  reservoir. 

£.  Damaging  flows  should  not  be  released  before  It  Is  certain 
that  the  flood  cannot  be  completely  controlled,  but  should  be  released 
at  a specified  rate  as  an  emergency  measure  as  early  as  Is  feasible 
after  It  is  certain  the  flows  of  that  magnitude  or  larger  are  Inevitable 
and  would  have  occurred  by  that  time  without  the  project. 

Induced  surcharge  ooeratlon  may  be  used  to  exercise  partial  con- 
trol over  outflow  rates  after  the  reservoir  has  filled  to  the  static- 
full-pool  level.  Induced  surcharge  storage  Is  storage  above  the  static- 
full-pool.  Regulation  Is  accomplished  by  raising  all  gates  by  small 
Increments,  forcing  Into  surcharge  storage  all  Inflow  In  excess  of  the 
discharge  capacity  of  the  spillway  with  the  gates  at  selected  openings. 
The  elevation  attained  and  volume  of  Induced  surcharge  used  will  vary 


with  the  volume  and  rate  of  reservoir  Inflow  In  Individual  floods  and 
the  exact  schedule  of  gate  operations  In  each  case.  The  maxImMi  eleva- 
tion of  Induced  surcharge  that  Is  practicable  to  provide  for  In  the 
design  of  projects  Involving  gated  spillways  usually  Is  limited  co 
approximately  1 to  3 meters. 

Section  6.02.  Development  of  Emergency  Release  Schedules 

In  order  to  assure  that  the  project  operation  will  be  able  to 
comply  with  necessary  precautions  under  extreme  flood  conditions, -It  Is 
advisable  to  provide  an  emergency  release  diagram  that  uses  only  Infor- 
mation on  reservoir  data  Immediately  available  to  the  operator.  Such 
an  operation  diagram  Is  Illustrated  In  fig.  6.04  and  Is  developed  as 
follows: 

a^.  Develop  a set  of  spillway-rating  curves  which  shows  the  dis- 
charge that  would  occur  as  all  spillway  gates  are  raised  collectively 
by  successive  Increments  of  about  1 foot  (.3  meter)  until  fully  opened. 

A set  of  curves  Is  shown  In  fig.  6.01. 

Construct  an  "Induced  surcharge  envelope  curve"  from  a point 
corresponding  to  the  nondamaging  flood  control  release  at  the  static- 
full-pool  elevation  to  the  free  discharge  capacity  of  the  spillway 
corresponding  to  the  elevation  at  which  all  gates  must  be  fully  opened. 
This  Is  Illustrated  by  curve  £,  fig.  6.01.  A straight-line  connection 
would  assure  the  minimum  rate  of  Increase  In  spillway  discharge  under 
critical  flood  conditions,  and  may  be  the  proper  selection  In  some  cases. 
However,  curvature  as  Illustrated  In  fig.  6.01  permits  a lower  release 
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rate  In  the  lower  surcharge  ranges  which  would  be  the  most  frequently 
utilized.  The  minimum  permissible  slope  of  the  line  at  the  higher  eleva- 
tions Is  governed  by  the  rate  of  Increase  In  spillway  discharge  that  may 
be  considered  acceptable  during  Infrequent  and  extraordinary  floods. 

c.  Analyze  recession  characteristics  of  Inflow  hydrographs  to  ob- 
tain a recession  constant  that  will  be  used  In  predicting  a minimum  In- 
flow volume  that  can  be  expected  when  only  reservoir  elevation  and  the 
rate  of  rise  of  reservoir  elevation  are  known.  For  conservative  results 
the  assumed  recession  curve  should  be  somewhat  steeper  than  the  average 
observed  recession  and  normally  can  be  patterned  after  the  spillway- 
design  flood  recession.  The  recession  constant  can  be  obtained  by  plot- 
ting the  recession  curve  as  a straight  line  on  semilog  paper,  with  the 
flow  on  a logarithmic  scale  and  time  on  an  arithmetic  scale.  The  reces- 
sion constant,  T,  is  defined  as  the  time  required  for  the  discharge  to 
decrease  from  any  value,  say  Q^,  to  a value  Qg,  where  Qg  equals  Q^/2.7. 

d.  A relationship  to  compute  the  volume  of  water  that  must  be 
stored  for  a hydrograph  receded  from  an  Initial  flow  to  a constant  out- 
flow can  be  derived  from  continuity  considerations.  Consider  fig.  6.02, 


Fig.  6.02.  Schematic  hydrograph 


which  schematically  Illustrates  terms  to  be  used  In  solving  for  the 
volumes  to  be  stored,  In  the  fig.  6.02,  represents  the  Inflow 
and  Q2  represents  the  constant  outflow.  The  recession  constant,  , 
may  be  defined  as 

iS  -V-  * '’2*  S,  ♦ 2Q2t 
U ■ -ar  ' D,  -O2  ■ 2(0,  - Qj)  (6-1) 

then, 

t . Tj  - T,  . -T,  log^  . Tj  (6-2) 

Substituting  (6-2)  Into  (6-1)  and  rearranging 

h ■ 2^5  ■ ”2  • '^2  1^) 

• 2T^  [Q,  - Qj  (1  * log,  -^)  ] 

For  each  of  various  Inflow  rates  and  for  each  of  various  outflow  rates, 
compute  the  volume  of  water  that  must  be  stored,  S^,  using  equation  6-3. 
Then  determine  pool  levels  by  subtracting  from  the  storage  value  for 
the  given  outflow  as  defined  by  the  "induced  surcharge  envelope  curve." 
The  computations  are  Illustrated  in  table  6.01.  The  pool  levels  thus 
determined  represent  the  maximum  pool  levels  that  should  be  permitted 
for  the  corresponding  Inflow  and  release  rates. 

e^.  Obtain  a family  of  regulation  curves  by  plotting  the  pool  levels 
corresponding  to  various  outflows  using  inflow  as  a parameter.  The 
family  of  curves  is  shown  In  fig.  6.03. 
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TABLE  6.01 


Computaiiona  for  Spillway  Gate  Regulation  Sthedule 

SpUlway  Rates;  40  z 26  ft  Equation:  SA=2r.(Q,-Q,(l  + log.  0i/<?i)l,  where  at  a given  instant  ©,=  InBow 

Spillway  crest  elev;  835  (c.f.s.),  Q,=  Outflow  (c.f.s  ),  5.,=  Available  storage  (acre-ft.)=  Limiting  Sur- 

T.=0.67  charge  storage  (S,)- Actual  storage  (S,),  and  7’,=  Adopted  inflow  recession 

constant  (days) 

Col.  1 

Col.  3 

C«l.3 

Col.  4 

Col.A 

Cfli.6 

Col.  7 

CoLS 

Sj« 

s#- 

Q|  (1,000  e.r.s.) 

«•/«> 

l+ioi.Qu(h 

QiXeoi.  3 

ed.  1 -'Ool.  4 

ar.xooi.  i 

St-ool.  • 

Pool 

(1.000 

(1,000  oere-ft.) 

(lj0Q0ftO«^.) 

elevdteo 

Oi=o 

■M 

0 

a 0 

859.  5 

10 



0.  0 

10 

1.^  4 

647  1 

858  8 

20 

■■■■■I 

20 

26.  8 

7 

1 

30 

30 

40  2 

620  3 

m?  3 

40 

nmmiB 

40 

53  6 

606  9 

858  6 

0.=  io 

S.=675.  9 

10 

1.  00 

1.  000 

0.  0 

0.  0 

675.  9 

860.  3 

20 

2.  00 

1.  693 

16.9 

3.  1 

4.  2 

671.  7 

860.  1 

30 

3.  00 

2.  099 

9.0 

12.  1 

663.  8 

859.  7 

40 

4.  00 

2.  386 

23.  9 

16  1 

21.  6 

654.  3 

859.  2 

50 

5.  00 

2.  609 

26.  1 

23.  9 

32.  0 

643.  9 

858.  6 

G,=20 

S.=687.  8 

20 

1.  00 

1.  000 

20.  0 

0.  0 

0.0 

687.  8 

860.  9 

30 

1.  50 

1 405 

28  1 

1.  9 

2.  5 

685.  3 

860.  8 

40 

2.  00 

1.  693 

33.  9 

6.  1 

8 2 

679.  6 

860.  5 

50 

2.  50 

1.  916 

38  3 

11.  7 

15.  7 

672.  1 

860.  1 

60 

3.  00 

2.  099 

42.  0 

18  0 

24.  1 

663.  7 

859.  7 

70 

3.  50 

2.  253 

45.  1 

24.  9 

33.  4 

654.  4 

859.  2 

e,  = 30 

S.=700.  3 

30 

1.  00 

1.  000 

30.  0 

0.0 

0.0 

700.  3 

861.  5 

40.. 

I.  33 

1.  285 

38  6 

1.  4 

1.  9 

698  4 

861.  4 

50 

1.  67 

1.  513 

45.  4 

4.  7 

6.  3 

694.  0 

861.  2 

60 

2.  00 

1.  693 

50.  8 

9.  2 

12.  3 

688  0 

860.  9 

70 

2.  33 

1.  846 

55.  4 

14.  6 

19.  6 

680.  7 

860.  5 

80 

2.  67 

1.  982 

59.  5 

20.  6 

27.  6 

672.  7 

860.  1 

90 

3.  00 

2.  099 

83.  0 

27.  0 

36.  2 

664  1 

859.  7 

g,=40 

S,i=7l5.  4 

40 

1.  00 

1.  000 

40.  0 

0.0 

0.0 

715.  4 

862.  2 

50 

1.  25 

I.  223 

48  9 

1.  1 

1.  5 

715.  9 

862.  1 

60 

1.  50 

1.  405 

56.  2 

3.  8 

5.  1 

710.  3 

862.  0 

1.  75 

1.  560 

62.  4 

7.  6 

10.  2 

705.  2 

861.  7 

80 

2.  00 

1.  693 

67.  7 

12.  3 

16.  5 

698  9 

861.  4 

100 

2.  50 

1.  916 

76.  6 

23.  3 

31.  2 

684.  2 

860.  7 

120 

3.00 

2.  099 

84.  0 

36.  1 

48  4 

667.  0 

859.  8 

140 

3.  50 

2.  253 

90.  1 

49.  9 

66.9 

648  5 

8589 
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Fig.  6.03.  Spillway  gate  regulation  curves  based  on  inflow 


f.  A family  of  curves  such  as  those  shoMn  In  fig.  6.03  are  appro- 
priate for  use  In  a central  office,  but  relationships  to  be  used  as  an 
emergency  operation  schedule  for  damtenders  are  more  directly  usable 
If  the  rate  of  rise  of  reservoir  level  Is  substituted  for  the  Inflow. 
This  Is  readily  accomplished  by  obtaining  the  difference  between  the 
volume  of  Inflow  and  outflow  for  a selected  time  Interval  and  expressing 
the  volume  as  a rate  of  rise  for  any  particular  reservoir  elevation.  A 
typical  family  of  curves  Is  shown  In  fig.  6.04.  The  time  Interval  to 
be  used  as  a basis  for  determining  rate  of  rise  should  be  based  on  a 
consideration  of  the  reservoir  and  drainage  basin  characteristics,  with 
1 to  3 hours  being  typical.  Adjustment  In  gate  openings  at  1-  or  2-hour 
Intervals  is  adequate  for  most  projects. 

A computer  program  Spillway  Gate  Regulation  Curve,  described  In 
Appendix  5,  has  been  developed  for  computing  gate  regulation  schedule 
curves  for  a reservoir  utilizing  area-capacity  curves,  an  Induced  sur- 
charge envelope  curve,  and  a constant  recession  constant,  T^. 

Section  6.03.  Initial  Reservoir  Level 


The  spillway  discharge  capacity  and  peak  reservoir  level  likely  to 
be  attained  during  the  spillway  design  flood  will  be  governed  by, 
a..  The  spillway  design  flood  Inflow  hydrograph. 

The  reservoir  level  at  the  beginning  of  the  spillway  design 
flood  Inflow. 

£.  The  plan  of  reservoir  regulation. 
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Fig,  6.04.  Spillv/ay  gate  regulation  curves  based  on  rate  of  rise 


If  the  flood  control  space  in  the  reservoir  below  the  "normal  full 
pool  elevation"  (top  of  flood  control  pool)  is  relatively  large  in  pro- 
portion to  the  spillway  design  flood  volume,  the  initial  pool  level 
assumed  in  flood  routing  studies  can  have  a major  influence  on  estimates 
of  spillway  discharge  requirements  and  surcharge  heights.  Some  considera- 
tions in  selecting  initial  stages  are  quoted  below  from  Corps  of  Engineers 
manuals. 

As  a general  rule  there  is  no  reliable  rational  way  of  estimating 
the  initial  reservoir  level  that  is  likely  to  prevail  at  the  beginning  of 
the  spillway  design  flood,  except  when  the  storage  space  is  so  small  as 
to  assure  frequent  filling.  If  a long  period  of  streamflow  records  is 
available,  hypothetical  reservoir  regulation  studies  will  provide  some 
index  to  reservoir  elevation  probabilities,  but  even  these  computed  rela- 
tions may  be  greatly  altered  in  the  future  if  changing  conditions  result 
in  substantial  alterations  in  the  reservoir  regulation  plan  (as  is  often 
the  case).  In  addition,  reallocations  of  flood  control  space  to  some 
other  use  in  the  future  may  result  in  higher  pool  levels  at  the  beginning 
of  the  spillway  design  flood.  In  any  case,  an  unusual  sequence  of  floods 
can  result  in  filling  all  or  a major  portion  of  the  flood  control  space 
in  a reservoir  immediately  before  the  beginning  of  the  spillway  design 
flood. 

In  view  of  the  uncertainties  involved  in  estimating  initial  reser- 
voir levels  that  might  reasonably  be  expected  to  prevail  at  the  beginning 
of  the  spillway  design  flood,  it  has  been  common  practice  in  studies  pre- 
pared by  the  Corps  of  Engineers  to  assume  the  reservoir  is  initially 
filled  to  the  "normal  full  pool  level"  if  routing  of  representative  major 


floods  of  record,  or  the  hypothetical  Standard  Project  Flood  (occurring 
5 days  ii\  advance  of  the  spillv.ay  design  flood),  shows  that  such  a 
level  (or  higher)  might  prevail  at  the  time  the  spillway  design  flood 
occurs.  If  the  spillv/ay  design  flood  estimate  is  associated  with  a 
particular  season,  the  determination  of  initial  pool  level  v/ould  consider 
flood  conditions  on  comparable  dates. 

In  many  instances  the  assumption  of  initial  reservoir  levels 
corresponding  to  arbitrarily  selected  percentages  of  the  flood  control 
capacity  will  serve  to  demonstrate  the  effects  that  alternative  assump- 
tions would  have  on  maximum  reservoir  surcharge  levels,  and  may  eliminate 
the  need  for  more  detailed  studies  of  probable  initial  pool  levels  when 
the  effects  are  relatively  small  or  moderate.  In  this  connection,  it  is 
usually  desirable  to  assume,  for  one  routing  of  the  spillv/ay  design  flood 
that  the  design  flood  control  capacity  is  50  percent  filled  at  the  begin- 
ning of  inflow.  There  are  several  reasons  for  concluding  that  the  flood 
control  design  storage  capacity  of  a reservoir  is  likely  to  be  at  least 
50  percent  filled  at  the  beginning  of  the  spillway  design  flood,  regard- 
less of  the  size  of  the  capacity  involved.  Normally  there  will  be  a 
relatively  large  number  of  floods  capable  of  filling  at  least  one-half 
the  design  flood  control  space,  and  most  reservoir  regulation  plans  call 
for  optimum  control  of  these  moderate  floods.  In  some  cases,  reservoir 
capacities  originally  assigned  to  flood  control  are  reassigned  in  part 
to  conservation  or  similar  uses,  further  increasing  the  likelihood  that 
at  least  50  percent  of  the  original  design  capacity  will  be  filled  at 
the  beginning  of  the  spillway  design  flood.  It  is  also  probable  that 
hydrologic  and  meteorological  conditions  required  for  development  of 
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the  maximum  probable  floods  will  be  preceded  by  small  or  moderate  flood 
runoff  that  would  partially  deplete  available  flood  control  capacities. 

A comparison  of  surcharge  elevations  computed  under  alternative 
assumptions  discussed  in  the  previous  paragraph  usually  will  reveal 
whether  or  not  more  detailed  analysis  should  be  made  to  establish  the 
most  logical  starting  pool  level  to  be  assumed  in  routing  the  spillway 
design  flood.  If  the  design  flood  control  capacity  is  relatively  small, 
there  will  be  little  difference  between  estimated  maximum  surcharge 
levels;  on  the  other  hand,  if  the  flood  control  capacity  is  unusually 
large  in  comparison  with  normal  flood  runoff  quantities,  the  assumption 
that  the  reservoir  will  be  only  half  filled  at  the  beginning  of  the 
spillway  design  flood  would  be  reasonable  in  most  circumstances.  The 
apparent  likelihood  that  either  of  these  initial  pool  levels  (full  or 
half  full)  would  prevail  at  the  beginning  of  the  spillway  design  flood 
can  be  taken  into  consideration  when  the  final  decisions  are  reached 
regarding  freeboard  requirements  for  the  dam,  based  on  comparison  of  the 
effects  of  alternative  assumptions,  and  other  pertinent  information. 

Section  6.04.  Routing  the  Spillway  Design  Flood 

In  establishing  the  capacity  for  a spillway  of  a major  dam,  a spill- 
way design  flood  routing  should  be  made  and  operation  rules  for  such  a 
routing  must  be  adhered  to  strictly. 

A computer  program  has  been  developed  which  will  compute  a spillway 
rating  curve  for  an  assumed  design  head  and  then  make  a flood  routing  of 
the  spillway  design  flood  to  determine  the  maximum  water  surface.  A 
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concrete  ogee  spillway  with  vertical  walls  or  a broad-crested  weir  can 
be  accomodated.  The  routing  can  be  for  a gated  or  an  uncontrolled 
spillway,  and  discharge  from  a conduit  or  sluice  can  be  included.  The 
program.  Spillway  Rating  and  Flood  Routing,  is  described  in  Appendix  4. 

Routing  a spillway  design  flood  tlirough  a reservoir  controlled  by 
a gated  spillway  is  achieved  by  determining  the  change  in  storage  during 
each  time  period  as  the  difference  between  inflow  and  outflow  volumes, 
and  adding  this  change  of  storage  to  the  total  stoarge  at  the  end  of  the 
preceding  time  period.  Outflow  for  a period  is  determined  with  a rela- 
tionship such  as  that  shown  in  fig.  6.03,  using  the  reservoir  elevation 
at  the  end  of  the  previous  period  and  tlie  average  inflow  for  the  previous 
period.  When  a free  spillway  discharge  is  reached,  the  Modified  Puls 
method  can  be  used  to  continue  the  routing. 


T 
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CHAPTER  7.  SEASONAL  OPERATION  VARIATIONS 


Section  7.01.  General 


At  almost  all  locations*  floods  of  any  specific  type  are  seasonal 
In  nature  and  It  may  not  be  necessary  to  provide  all  of  the  flood  control 
space  for  that  type  of  flood  during  part  of  the  year.  In  formulating 
regulations,  the  seasonal  variation  In  potential  of  each  type  of  flood 
that  Is  Important  to  the  design  should  be  examined,  and  criteria  should 
be  adopted  for  the  use  of  flood  control  space  for  other  purposes  ♦■/hen 
appropriate  and  desirable. 

Section  7.02.  Seasonal  Ra1n~Stonn  Variations 

Since  rain  floods  usually  occur  within  a few  hours  or  few  days  of 
the  rain  storms  that  cause  them,  the  seasonal  distribution  of  rain  floods 
can  be  ascertained  by  a study  of  the  seasonal  distribution  of  rain  storms, 
with  due  consideration  given  to  seasonal  variations  In  ground  conditions. 
As  an  example,  the  results  of  a study  of  rainfall  freguencles  and  maxi- 
mum recorded  rainfall  amounts  are  summarized  In  fig.  7.01,  and  data  on 
outstanding  early-season  and  late-season  storms  are  sunmarlzed  In 
table  7.01  for  central  and  northern  California,  USA.  It  Is  apparent 
that  storms  In  this  region  are  most  frequent  In  the  months  of  December, 
January,  and  February,  but  major  storms  and  floods  have  occurred  In 
November  and  March,  and  moderate  to  large  storms  and  floods  have  occurred 
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Fig.  7.01.  Observed  and  adopted  seasonal  distribution 
of  maximum  3-day  precipitation 
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Table  7.01.  Maximum  observed  3-day  precipitation 
early-season  and  late-season  storms  In  California 


10-yr  100-yr  3-day  precipitation 

Station  Lat.  Long.  precip.  precip.  % of 

(In.)  (In.)  (In.)  100-yr 


Storm  of  26  May  1906 


Magalla 

39-48 

121-35 

15.5 

22.8 

8.77 

38 

Emigrant  Gap 

39-18 

120-40 

12.8 

18.6 

6.70 

36 

Sutmnerdale 

37-29 

119-39 

13.0 

19.8 

7.42 

37 

Storm  of 

11  May  1915 

Kennett 

40-44 

122-24 

16.4 

26.3 

13.81 

52 

Magalla 

39-48 

121-35 

15.8 

23.2 

12.53 

54 

Emigrant  Gap 

39-18 

120-40 

12.8 

18.6 

9.90 

53 

Kentfleld 

37-57 

122-33 

8.0 

11.4 

6.62 

58 

Storm  of 

13  Sept.  1918 

Red  Bluff 

40-10 

122-14 

4.6 

6.51 

7.12 

109 

Blue  Canyon 

39-17 

120-42 

14.5 

15.0 

5.55 

37 

Antioch 

38-00 

121-47 

3.3 

4.88 

6.59 

135 

San  Jose 

37-21 

121-54 

4.0 

6.16 

6.22 

101 

Storm  of  6 April  1926 

Dry  Canyon  Res 

34-28 

118-32 

6.4 

11.9 

8.5 

71 

Colbys 

Hoegee's  Camp 

34-18 

118-07 

15.6 

30.8 

18.3 

59 

34-13 

118-02 

20.9 

40.6 

25.6 

63 

Raywood  Flats 

34-03 

116-49 

13.8 

23.4 

14.1 

60 

Storm  of  25  Sept.  1939 

Squirrel  Inn  #2 

34-14 

117-14 

15.5 

26.6 

9.02 

34 

Mt.  Wilson 

34-13 

118-04 

16.0 

30.6 

11.60 

38 

Los  Angeles 

34-03 

118-15 

6.3 

11.2 

5.62 

50 

Fullerton 

33-51 

117-55 

6.0 

10.6 

5.97 

56 

Storm  of 

30  Oct.  1945 

McCloud 

41-15 

122-08 

9.3 

13.6 

9.20 

68 

Shasta  Dam 

40-43 

122-25 

14.8 

23.7 

10.30 

43 

Upper  Mattole 

40-15 

124-12 

12.6 

17.2 

10.29 

60 

L.  Spaulding 

39-19 

120-39 

12.2 

17.7 

8.96 

51 

Storm  of  27  Oct.  1950 

Elk  Valley 

42-00 

123-43 

13.5 

19.6 

15.95 

81 

Gasquet  R.  S. 

41-52 

123-58 

13.4 

19.0 

22.09 

116 

Orick 

41-20 

124-02 

9.9 

14.8 

17.79 

120 

Lakeshore 

40-53 

122-23 

15.8 

23.2 

14.02 

60 
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Brush  Cr.  R.  S.  39-41  121-22 
Bullards  Bar  P.H.  39-25  121-09 
Gold  Run  39-10  120-52 
Giant  Forest  36-34  118-46 


15.0 

10.9 

9.4 

12.8 


23.9 

16.3 

14.2 

20.1 


7.81  48 

7.32  52 

7.45  37 


Lehman  Ranch 
Drytown 
Hogan  0am 
Oakdale 


38-36  121-01  5.3 

38-26  120-52  5.5 

38-08  120-48  6.0 

37-52  120-52  3.5 


7.58 
8.19 

8.59 
5.01 


Storm  of  2 April  1958 


5.65  75 

6.20  76 


5.65  66 
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as  early  as  September  and  as  late  as  Nay.  Weather  maps  Indicate  that 
these  last  events  can  be  associated  generally  with  the  same  type  of 
extra-tropical  cyclonic  disturbances  that  cause  the  general  winter  storms, 
except  that  the  September  1939  storm  Is  known  to  be  of  tropical  origin. 
Important  rain  floods  are  unknown  In  the  months  of  June.  July,  and  August 
In  this  region,  except  for  small-area  floods  resulting  from  cloudbursts. 
These,  of  course,  must  also  be  considered  In  design  and  operation,  but 
are  usually  Important  only  In  very  small  basins.  Seasonal -variation 
criteria  for  central  and  northern  California,  based  on  the  Information 
contained  In  fig.  7.01  and  table  7.01.  are  summarized  In  fig.  7.02. 

These  criteria  are  useful  as  a general  guide,  but  are  subject  to  modi- 
fication where  special  conditions  warrant.  Application  methods  are  de- 
scribed In  the  next  section. 

Section  7.03.  Seasonal  Rain-Flood  Variations 


The  seasonal  variation  of  rain  floods  can  be  computed,  by  hydro- 
graph analysis,  from  the  seasonal  variation  of  rain  storms.  If  a 
particular  flood  has  been  used  as  a primary  basis  of  project  design, 
loss-rate  curves  used  In  deriving  that  project  design  flood  from  the 
project  design  storm  can  be  applied  to  various  percentages  of  the  pro- 
ject design  storm  to  delineate  the  seasonal  variation  of  flood  potential. 
If  an  official  project  design  floocT  does  not  exist,  a hypothetical  flood 
could  be  developed  for  this  specific  purpose.  Loss  rates  used  In  the 
early  part  of  the  rain-flood  season  should  ordinarily  be  higher  than 
those  used  In  the  middle  and  late  parts  of  the  season.  Each  alternative 
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flood  would  be  routed  through  the  reservoir  under  contemplated  operation 
conditions  to  determine  the  amount  of  reservoir  space  required.  Typical 
routings  are  Illustrated  In  fig.  7.03. 

The  reservoir  space  requirements  thus  obtained  should  be  provided 
on  the  various  dates  shown  by  fig.  7.02  to  correspond  to  the  percentage 
of  the  design  storm  used.  In  this  example,  based  on  a latitude  of  40° 
and  a 10-year  basin-mean  storm  precipitation  of  10  Inches  In  3 days, 
fig.  7.02  Indicates  that  the  basin  can  experience  full  storm  potential 
as  early  as  15  October  and  as  late  as  1 April.  Fig.  7.02  also  Indicates 
that  as  much  as  80  percent  of  the  full  storm  potential  can  be  experienced 
as  early  as  2 October  and  as  late  as  27  April,  and  as  much  as  60  percent 
as  early  as  18  September  and  as  late  as  23  flay.  Space  requirements  deter- 
mined In  fig.  7.03  are  plotted  against  these  corresponding  dates  in  fig. 
7.04  in  order  to  determine  maximum  space  requirements  shown  In  fig.  7.05. 

In  cases  where  flood  control  space  Is  reduced  because  of  dry  ground, 
as  discussed  In  Chapter  6,  the  required  flood-control  space  for  dry  ground 
conditions  on  these  various  dates  can  be  established  In  the  same  manner, 
as  Illustrated  In  fig.  7.03,  except  that  different  loss-rate  curves  are 
used,  as  described  In  Chanter  8. 

Section  7.04.  Snowmelt-Season  Limitations 

Where  snow  accumulates  during  the  winter  and  melts  mostly  during  the 
spring,  the  use  of  reservoir  space  for  the  control  of  snowmelt  floods  can 
almost  always  be  based  on  forecasts  of  runoff  volume  expected  by  the  end 
of  the  snowmelt  season.  The  operation  Is  designed  to  control  the 
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2.  Except  »djen  releases  are  governed  by  the  emergency  release  diagram, 
all  storage  in  excess  of  that  Indicated  by  this  diagram  shall  be  released  as 
rapidly  as  possible,  subject  to  the  following  conditions t 

a*  That  releases  do  not  exceed  50,000  cfs  or  maximuin  rate  of  Inflow 
for  the  flood,  »rtilchever  is  greater. 

b.  That  releases  do  not  exceed  150,000  cfs  at  any  time. 

0.  That  flows  in  a downstream  damage  reach  do  not  exceed 
160,000  cfs  at  any  time. 

d,.  That  releases  are  not  increased  more  than  10,000  cfs  or 
deoreued  more  than  5»000  cfs  in  any  2-hour  period. 

NOTEt  After  31  March,  reservation  for 

any  given  parameter  decreases 

10,000  acre-feet  per  day. 


Fig.  7.05.  Flood-control  diagram 
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forecasted  flood,  with  appropriate  contingency  allowances,  and  yet  com- 
pletely fill  the  reservoir  whenever  possible. 


The  limiting  amount  of  space  dedicated  to  the  control  of  snowmelt 
floods  can  ordinarily  be  determined  by  routings  of  design  and  maximum 
recorded  floods.  It  Is  usually  found  that  full  snowmelt  space  may  be 
utilized  during  the  early  months  of  the  snowmelt  season  but  that  It  Is 
ordinarily  safe  to  reduce  the  maximum  space  during  the  later  months, 
because  the  full  space  could  never  be  effectively  utilized  at  these 
later  dates.  Important  exceptions  to  this  rule  occur  in  cases  where 
reservoir  capacity  is  small  relative  to  runoff  volume  or  where  a reser- 
voir Is  located  at  high  elevations  where  melting  occurs  later.  The 
standard  project  snow-melt  flood  usually  Involves  early  high  melt  rates, 
and  does  not  ordinarily  require  large  amounts  of  reservoir  space  late  in 
the  season,  because  snow  pack  conducive  to  high  melt  rates  is  not  great 
enough  to  sustain  high  runoff  late  in  the  season.  Accordingly,  some 
major  observed  flood  will  ordinarily  govern  during  the  later  months. 

Section  7.05.  Drawdown  Limitations 

The  multiple  use  of  reservoir  space  will  require  drawdown  of  reser- 
voir stages  at  the  beginning  of  the  flood  season  or  when  any  flood- 
potential  Index  values  used  might  result  In  Increased  space  requirement. 
In  formulating  flood  control  regulations  for  the  multiple  use  of  reser- 
voir space,  consideration  should  be  given  to  the  effects  of  necessary 
drawdown  of  reservoir  stages  when  Inflows  are  below  flood  stage.  If 
some  damages  are  caused  by  releases  during  the  drawdown  periods,  a claim 
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might  be  made  that  they  have  been  caused  unnecessarily,  and  consequences 


r 


might  result  that  would  seriously  Impair  future  operation.  Accordingly, 
drawdown  rates  should  be  maintained  at  nondamaging  rates  Insofar  as 
possible,  and  the  regulations  should  make  full  allowances  for  the  time 
required  to  evacuate  space  at  these  safe  rates,  with  liberal  allowance 
for  possible  inflow  **ates  at  the  time.  Drawdown  requirements  are  usually 
determined  by  routing  the  design  flood  preceded  by  maximum  observed 
runoff  considered  to  be  reasonably  consistent  with  design-flood  conditions. 
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CHAPTER  8.  CONDITIONAL  RAIN-FLOOD  RESERVATION 


Section  8.01.  Nature  and  Limitations 


Experience  has  Indicated  that  rain  storms  and  rain  floods  In  many 
cases  cannot  be  forecasted  accurately  enough  nor  sufficiently  In  advance 
for  firm  use  of  forecasts  in  reservoir  operation  criteria.  While  contin- 
uous efforts  should  ordinarily  be  made  to  forecast  rain  floods  whenever 
and  wherever  appropriate  in  connection  with  reservoir  operation*  it  is 
often  considered  to  be  unsafe  to  depend  on  the  evacuation  of  reservoir 
space  on  the  basis  of  a rainstorm  or  rain-flood  forecast.  However,  there 
are  times  when  ground  conditions  are  such  that  the  rain-flood  potential 
Is  materially  below  normal  and  others  when  the  potential  is  materially 
above  normal,  and  it  is  often  possible  to  increase  overall  project  accom- 
plishments by  varying  the  required  flood-control  space  with  the  condftton? 
of  the  ground.  If  the  ground  is  dry  at  the  beginning  of  a storm,  loss 
rates  will  in  most  cases  be  high,  and  the  resulting  flood  will  be  less 
severe  than  otherwise,  even  though  the  ground  becomes  progressively  wetter 
during  the  storm.  However,  as  soon  as  a storm  occurring  on  dry  ground 
is  over,  the  ground  is  wet,  and  provision  should  be  made  immediately  to 
evacuate  such  additional  space  as  Is  considered  necessary  to  control  a 
flood  resulting  from  the  project  design  storm  occurring  on  the  wetter 
ground. 

When  it  is  proposed,  in  formulating  regulations,  to  reduce  the  space 
requirement  because  of  dry  ground,  it  must  be  ascertained  that  space  can 
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be  subsequently  evacuated  In  time  to  provide  the  additional  space 
required  when  the  ground  becomes  wet.  This  is  possible  only  in  cases 
where  release  rates  are  adequate  to  evacuate  space  during  a series  of 
moderate  floods  that  might  precede  the  main  design  flood  period.  Whether 
this  is  possible  can  be  determined  roughly  by  estimating  the  critical 
duration  of  design  runoff,  which  is  defined  herein  as  the  time  between 
the  beginning  of  storage  of  flows  in  excess  of  flood  releases  and  the 
time  of  maximum  reservoir  stage.  If  the  critical  duration  of  runoff  is 
a few  days  or  less,  the  reservoir  is  most  likely  to  be  filled  by  a single 
rain  flood  of  a few  days  duration,  and  since  ground  conditions  at  the 
beginning  of  that  flood  would  ordinarily  influence  the  flood  magnitude, 
space  requirement  could  be  a function  of  ground  conditions.  On  the  other 
hand,  if  the  critical  duration  of  runoff  is  greater  than  a fev/  days,  the 
reservoir  is  most  likely  to  be  filled  by  a sequence  of  floods,  and  al- 
though the  ground  may  be  dry  at  the  beginning  of  the  sequence,  it  becomes 
wet  after  the  first  storm  or  two,  and  the  remaining  storms  occur  on  wet 
ground.  Consequently,  ground  conditions  probably  would  not  greatly 
influence  space  requirements  where  critical  durations  are  long.  If  the 
critical  duration  exceeds  5 days,  it  is  ordinarily  not  wise  to  permit 
conditional  storage  in  the  rain-flood  space. 

Section  8.02.  Selection  of  Index 

A practical  index  of  ground  conditions  is  the  preceding  60-day 
basin-mean  precipitation.  Although  this  index  is  not  the  most  accurate 
measure  of  ground  wetness  and  has  theoretical  weaknesses,  practical 
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operation  advantages  discussed  below  normally  override  these  handicaps. 
Nonetheless,  since  each  basin  has  Its  own  peculiarities.  It  may  be 
desirable  to  lect  alternative  Indexes  In  some  cases.  The  6(May  preci- 
pitation Index  for  each  reservoir  area  Is  computed  from  dally  reports 
provided  by  the  network  of  precipitation  stations  covering  that  area. 

Since  the  number  of  stations  usable  Is  limited,  this  computation  Is  only 
approximate,  and  efforts  should  be  made  to  obtain  reports  from  as  many 
well-distributed  stations  as  feasible.  Where  precipitation  Is  primarily 
orographic,  precipitation  amounts  vary  systematically  with  the  topography 
of  each  basin.  Consequently  a simple  arithmetic  mean  of  all  reporting 
stations  may  differ  significantly  from  the  true  basin  mean.  A more  satis- 
factory system  Is  to  use  the  ratio  of  the  normal  annual  precipitation  at 
each  station  to  the  normal  annual  basin-mean  precipitation.  Under  this 
system,  the  sum  of  the  short-term  precipitation  values  at  all  reporting 
stations  Is  divided  by  the  sum  of  the  normal  annual  precipitation  values 
for  the  same  stations  to  obtain  the  average  proportion  of  normal  annual 
precipitation  that  fell  on  the  basin  during  the  period,  and  this  average 
proportion  Is  multiplied  by  the  normal  annual  basin-mean  precipitation  to 
estimate  the  short-term  basin-mean  value.  Under  this  system,  temporary 
failure  of  some  of  the  stations  to  report  or  permanent  changes  In  the 
location  of  stations  which  make  up  the  network  will  not  significantly 
affect  the  computation  of  basin-mean  precipitation.  Volume  4 of  this 
report  contains  a more  complete  discussion  on  the  computation  of  basin- 
mean  precipitation. 

Studies  have  been  made  of  various  other  Indexes  such  as  preceding 
runoff  for  various  durations,  preceding  precipitation  since  the  beginning 
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of  the  season  or  for  various  durations,  preceding  precipitation  with 
greater  weight  given  to  the  more  recent  amounts,  and  various  other  more 
complex  indexes.  A typical  correlation  study  relating  runoff  to  storm 
precipitation  and  ground-wetness  index  resulted  in  the  following  corre- 
lation coefficients: 


Correlation 


Ground-Wetness  Index  Coefficient 

Preceding  15-day  precipitation  .53 
Preceding  30-dav  nrecinitation  .55 
Preceding  50-day  precipitation  .64 
Weighted  15-,  30- , 60-day  precipitation  .62 
Preceding  precipitation  since  1 October  .62 
Preceding  15-day  runoff  .62 
Preceding  30-day  runoff  .66 
Preceding  60-day  runoff  .65 
Weighted  15-,  30- , 60-day  runoff  .64 
Preceding  runoff  since  1 October  .61 
Precipitation  iiinus  runoff  deptli  since  1 Oct.  .59 


In  general,  preceding  runoff  appears  to  be  the  most  accurate  index, 
but  preceding  precipitation  is  almost  as  accurate.  It  is  considered  that 
the  precipitation  index  is  more  generally  satisfactory,  because  its 
influence  is  registered  earlier.  The  duration  of  preceding  precipitation 
used  for  the  index  sliould  be  sufficiently  long  so  that  fluctuations  of 
the  index  will  not  cause  excessive  operational  hardships  such  as  forcing 
release  of  valuable  water  at  frequent  intervals.  While  it  may  be  theore- 
tically desirable,  it  is  not  satisfactory  to  give  greater  weight  to  the 
most  recent  quantities,  because  this  would  result  in  unnecessarily  rapid 
fluctuations  of  the  index  and  consequent  difficulty  in  operation. 
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Considering  all  aspects  of  this  problem,  60-day  precipitation  has  been 
found  to  be  a generally  satisfactory  Index. 

Section  8.03.  Variation  of  Space  Requirement 

When  Including  provisions  In  the  operation  regulations  to  use  flood 
control  space  for  conservation  purposes  during  periods  of  dry  ground 
conditions.  It  Is  necessary  to  select  some  measure  of  the  effect  of 
ground  conditions  on  space  requirements.  The  selected  Index  (for  example, 
preceding  60-day  precipitation  as  discussed  In  the  preceding  paragraph) 
must  be  related  to  loss-rate  criteria,  and  these  criteria  In  turn  must 
be  applied  to  a design  or  other  hypothetical  storm  In  order  to  determine 
the  space  required  to  control  the  resulting  flood.  This  Is  accomplished 
by  plotting  infiltration  index  or  some  other  measure  of  loss  rates  against 
an  observed  ground  wetness  Index  for  historical  floods  as  Illustrated  In 
fig.  7.03.  A line  enveloping  loss  rates  on  the  lower  side  would  then  be 
selected  for  project  design,  as  shown  In  fig.  7.03,  because  project  oper- 
ation must  be  adequate  to  control  floods  when  the  more  adverse  observed 
ground  conditions  occur. 

An  Index  value  for  dry  ground  conditions  should  then  be  selected, 
and  a corresponding  loss-rate  curve  derived,  usually  from  hydrograph 
analysis  of  a specific  recorded  flood.  These  loss  rates  could  then  be 
applied  to  the  design  storm  and  to  various  percentages  of  the  design 
storm  to  determine  space  requirements  under  dry  ground  conditions  for 
various  times  of  the  year. 
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Space  requirements  for  intermediate  conditions  betvreen  dry  and  wet 
ground  can  be  interpolated  linearly  for  all  practical  purposes.  It  is 
best  to  select  a firm  minimum  space  for  dry  ground  conditions  equal  to 
at  least  half  of  the  maximum  space  required  for  wet  ground  conditions 
during  the  main  part  of  the  rain-flood  season.  An  illustration  of  the 
construction  of  a diagram  using  these  principles,  based  on  data  in  figs. 
7.93  and  7.04,  is  shov/n  in  fig.  7.05. 

Before  adopting  a flood-control  diagram  derived  as  above,  all 
important  historical  floods  should  bo  routed  and  the  space  requirement 
and  wetness  index  plotted  on  the  diagram  at  appropriate  points  before 
the  start  of  flood  flows  requiring  stora'ie.  Parameters  determined  from 
hypothetical  considerations  should  then  be  adjusted  if  necessary  to  pro- 
vide at  least  as  much  storage  as  that  required  by  the  historical  floods. 

If  the  hypothetical  parameters  require  excessive  storane  reservation  in 
comparison  with  that  required  by  historical  floods  resulting  from  storms 
approaching  design  magnitude,  they  should  be  adjusted  to  require  a reason- 
able margin  of  storage  above  that  required  by  such  historical  floods. 

Section  8.04.  Effect  on  the  Control  of  Rain  Floods 

The  conditional  use  of  flood  control  space  reduces  the  flood  control 
accomplishment  to  some  extent  unless  a compensating  increase  in  maximum 
flood  control  space  is  made.  When  rain-flood  parameters  are  used,  the 
diagram  provides  for  control  of  a specific  design  storm  on  v/hatever  ground 
conditions  might  exist  rather  than  of  a specific  design  flood.  If  a 
50-year  protection  is  to  be  provided  by  conditional  use  of  space,  for 
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exanple,  the  maximum  space  needed  Is  that  required  to  control  a flood 
from  the  50-year  storm  on  very  wet  ground.  If  50-year  protection  is 
to  be  provided  by  firm  use  of  flood  control  space,  on  the  other  hand, 
the  maximum  space  needed  is  that  required  to  control  50-year  runoff,  and 
this  would  be  somewhat  less. 


CHAPTER  9.  CONDITIONAL  SNOWMELT-FLOpO  RESERVATION 


Section  9.01.  Snowmelt  Forecast 

Inasmuch  as  seasonal  snowmelt  runoff  volumes  can  ordinarily  be 
forecasted  months  in  advance  with  a reasonable  degree  of  reliability,  an 
excellent  opportunity  exists  for  both  providing  adequate  flood  control 
space  as  needed,  and  for  subsequently  providing  conservation  storage  in 
the  reservoir  whenever  possible. 

Forecasts  of  the  total  runoff  can  be  made  at  the  beginning  of  each 
month  (and  at  intermediate  dates,  where  warranted)  largely  on  the  basis 
of  field  measurement  of  snow  on  the  ground  by  means  of  a snow  course  net- 
work. The  accuracy  of  these  total  volume  forecasts  increases  progressively 
as  the  season  advances.  Before  the  middle  of  the  snowpack  accumulation 
season,  the  possible  error  is  very  large,  because  it  must  include  not 
only  an  estimate  of  the  runoff  expected  from  snow  on  the  ground  but  also 
a forecast  of  the  additional  snow  that  may  fall  in  the  last  half  of  the 
season.  By  the  end  of  the  accumulation  season,  this  second  source  of 
error  has  become  comparatively  small,  and  the  overall  accuracy  increases 
markedly. 

After  most  of  the  snow  has  melted,  other  types  of  information  become 
available,  such  as  the  magnitude  and  rate  of  decrease  of  the  snow-covered 
area,  magnitude  and  rate  of  change  of  the  runoff  yield  per  degree-day  of 
temperature  at  key  weather  stations,  and  finally,  rate  of  recession  of 
the  snowmelt  runoff  at  stream  gaging  stations.  By  use  of  these  additional 
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types  of  data,  forecasts  can  be  made  of  the  remaining  runoff  which  have 
considerably  greater  accuracy  than  could  be  achieved  by  simply  subtracting 
the  observed  runoff  volume  since  the  start  of  the  snowmelt  season  from 
the  total  forecast  volume. 

Section  9.02.  Latitude  of  Operation 

Since  the  accuracy  of  snowmelt  forecasts  generally  Increases  as  the 
season  progresses.  It  Is  desirable  that  regulations  should  provide  for 
deferring  flood  releases  until  a surplus  of  water  above  that  needed  for 
conservation  or  power  purposes  Is  assured  or  until  the  available  space 
plus  project  releases  throughout  the  remainder  of  the  critical  melt 
period  Is  required  to  control  the  anticipated  floodwaters  plus  a contin- 
gency allowance.  In  this  way,  releases  that  might  Impair  project  objec- 
tives would  be  based  on  the  best  available  forecast,  since  forecast 
reliability  continuously  Improves  during  the  snowmelt  season.  If  after 
Initiating  flood  releases,  the  runoff  forecast  Is  diminished,  flood  re- 
leases can  then  be  stopped  or  reduced,  and  the  effect  of  the  earlier 
forecast  error  can  be  largely  tr  completely  nullified.  Thus  the  latitude 
available  In  operating  for  snowmelt  floods  Is  equal  to  the  flood  release 
rate  (excess  above  release  for  other  purposes)  multiplied  by  the  amount 
of  time  until  the  reservoir  Is  expected  to  fill.  This  latitude  of  opera- 
tion ordinarily  makes  It  possible  to  control  anticipated  floods  without 
seriously  risking  the  possibility  of  not  filling  the  reservoir  for  conser- 
vation or  power  purposes. 
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Section  9.03.  Forecasted  Space  Requirement 


In  constructing  a flood  control  diagram  for  the  control  of  snow- 
melt floods,  the  space  requirement  corresponding  to  a specified  volume 
of  remaining  runoff  after  a given  date  is  determined  by  routing  of 
historical  runoff  between  that  date  each  year  and  the  date  that  reservoir 
storage  would  be  maximum.  The  space  requirement  is  then  plotted  against 
the  total  observed  runoff  for  the  forecast  period.  A set  of  curves  thus 
derived  is  illustrated  in  fig.  9.01.  These  curves  can  be  used  to  deter- 
mine space  requirement  corresponding  to  any  specified  volume  of  remaining 
runoff. 


Section  9.04.  Standard  Error  of  Estimate 


In  formulating  parameter  lines  for  snowmelt  operation,  allowance 
must  be  made  for  forecast  errors  and  other  contingencies.  A measure  of 
normal  forecast  error  can  be  obtained  by  examining  past  forecast  exper- 
ience and  computing  the  “standard  error  of  forecast"  from  the  actual 
historical  forecasts.  If  a new  forecast  method  is  to  be  used,  the 
standard  error  should  be  obtained  by  applying  the  procedure  to  historical 
data,  taking  care  not  to  use  data  that  would  not  be  available  at  the 
date  of  forecast.  The  standard  error  of  forecast  is  computed  by  adding 
the  squares  of  forecast  errors  and  dividing  by  the  number  of  statistical 
degrees  of  freedom,  F (approximately  equal  to  the  number,  N,  of  forecast 
errors  used).  The  square  root  of  the  quotient  thus  obtained  is  the 
standard  error  of  forecast,  S^. 
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Fig.  9.01.  Snownelt  runoff  vs  required  space 


If  X'  is  the  forecast  and  X the  observed  quantity,  the  equation  would 
be  as  follows: 


$2  ^ £(X'  - X)^ 
^e  ~ F 


(9-1) 


In  addition  to  the  forecast  error  of  total  runoff  volume,  there  is 
an  uncertainty  of  future  weather  conditions  and  as  to  whether  runoff  will 
be  unusually  early  or  late.  In  the  event  of  an  unusually  early  runoff, 
more  flood  control  space  is  required  because  there  is  less  time  for  making 
releases.  A measure  of  this  uncertainty  is  the  standard  error  of  the 
space-runoff  relationship,  which  is  the  standard  deviation  of  points  about 
the  lines  in  fig.  9.01,  measured  in  the  horizontal  direction.  This  stan- 
ard  error,  cal lea  herein  the  "standard  error  of  timing,"  can  be  combined 
with  the  standard  error  of  forecast  by  taking  the  square  root  of  the  sum  of 
the  squares  of  these  two  quantities.  The  result  is  called  herein  the  "stan- 
dard error  of  estimate."  Table  9.01  and  fig.  9.02  illustrate  the  typical 
relation  between  the  various  types  of  errors  and  the  forecast  rate. 


Section  9.05.  Error  A1 1 owance 


The  multiple  (k)  of  that  standard  error  of  estimate  to  be  added  as  an 
error  allowance  will  depend  on  the  seriousness  of  losing  control  of  a snow- 
melt flood,  the  importance  of  filling  the  reservoir  for  conservation,  and 
the  latitude  of  operation  discussed  above.  Commonly,  twice  the  standard 
error  of  estimate  is  used,  because  this  assures  control  in  a high  percen- 
tage of  years  and  ordinarily  represents  a reasonable  compromise  between 
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Table  9.01.  Forecast  verification  data 
natural  April -July  flows 

(Values  in  thousand  acre-feet) 


Average 

Extreae 


1 February 
Forecast  Error 

1 March 

Forecast  Error 

1 April 

Forecast  Error 

557 

- 12 

390 

28 

646 

48 

630 

85 

700 

-150 

280 

58 

400 

-U6 

550 

- 50 

500 

-165 

570 

29 

380 

34 

500 

- 7 

550 

102 

325 

71 

260 

-266 

500 

61 

575 

6 

250 

-101 

600 

1050 

83 

118 

460 

- 22 

400 

- 82 

390 

12 

370 

- 8 

400 

22 

500 

152 

430 

82 

300 

- 48 

900 

258 

800 

158 

620 

- 22 

385 

- 35 

335 

- 85 

255 

- 65 

460 

-367 

490 

-337 

830 

3 

157 

-367 

U5 

-337 

68 

-266 
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flood  control  and  conservation  accomplishments,  but  each  case  should  be 
studied  individually. 

Section  9.06.  Formulation  of  Criteria 


The  intervening  area  on  the  flood  control  diagram  (fig.  9.03) 
between  the  minimum  rain-flood  space  limits  and  the  maximum  snowmelt 
flood  space  limits  represents  conditional  flood  control  space.  Parameter 
lines  occupying  this  space  are  computed  as  illustrated  in  table  9.02  by 
assuming  a given  forecast  on  a given  date,  adding  the  adopted  error 
allowance,  and  determining  from  this  sum  the  required  space,  using 
curves  similar  to  those  shown  in  fig.  9.01.  Resulting  parameters  are 
then  plotted  within  the  range  of  conditional  flood  control  space  as 
illustrated  in  fig.  9.03. 

In  some  river  basins,  during  flood  periods  there  are  substantial 
diversions  out  of  the  river  which  can  significantly  reduce  flooding  down- 
stream. Since  such  diversions  can  vary  from  year  to  year,  it  may  be 
desirable  to  include  a provision  in  the  regulations  for  adjusting  the 
snowmelt  space  requirements  for  the  difference  between  scheduled  and 
normal  diversions  upstream  of  the  critical  channel  reach  that  are 
expected  to  occur  between  the  given  date  and  the  earliest  date  that  the 
reservoir  can  fill  under  full  flood  control  releases.  Experience  has 
shown  that  scheduled  diversions  cannot  be  fully  depended  upon,  and  it 
may  be  well  to  provide  for  only  about  80  percent  of  the  computed 
difference. 
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Parameter  developnieiit  based  on  a reservoir  outflow  of  U500  c.f.s.>  \rtiich  allows  for  operational  con- 
tingencies that  might  prevent  the  full  and  continuous  use  of  5000  c.f.s.  chaiuiel  capacity  plus  500  c.f.s 
proposed  aqueduct  diversion. 


Section  9.07.  Effect  on  the  Control  of  Snowmelt  Floods 


It  should  be  recognized  that  when  flood  control  space  Is  reserved 
on  a forecast  or  conditional  basis,  the  space  provided  will  occasionally 
be  Inadequate  for  flood  control  or  too  large  to  fill  for  conservation 
purposes,  because  of  forecast  and  model  Imperfections.  This  should  be 
reflected  In  the  project  frequency  curves  by  discounting  the  amount  of 
flood  control  space  that  can  be  depended  upon  when  evaluating  benefits. 


CHAPTER  10.  MULTIPLE-RESERVOIR  OPERATION 

1 

[ 

' Section  10.01.  General 

I 

I 

Various  problems  arise  when  more  than  one  reservoir  In  a system  Is 
operated  for  flood  control  or  when  reservoirs  operated  for  other  purposes 
can  Influence  inflovjs  to  or  releases  from  a reservoir  operated  for  flood 
control.  Where  different  reservoirs  In  a system  subject  to  flood  control 
regulations  are  operated  for  flood  control  by  different  agencies,  the 
regulations  should  be  worded  so  that  coordination  of  the  flood  control 
operation  Is  assured  without  requiring  any  party  to  operate  beyond  his 
capacity  or  to  the  undue  detriment  of  other  functions.  Each  operator 
should  be  given  maximum  flexibility  of  operation  consistent  with  attain- 
ment of  flood  control  objectives.  The  general  procedures  for  coordinating 
flood  control  operation  and  for  making  allowances  for  Incidental  flood 
control  effects  by  reservoirs  operated  for  other  purposes  are  discussed 
In  the  follov/ing  paragraphs. 

Section  10.02.  Incidental  Regulation  by  Conservation  Reservoirs 

In  cases  where  reservoirs  not  operating  for  flood  control  are  located 
upstream  from  a flood  control  reservoir.  It  Is  generally  best  to  establish 
a basic  flood  control  diagram  for  the  flood  control  reservoir  on  the 
assumption  that  no  upstream  storage  space  will  exist  and.  If  appropriate, 
to  provide  criteria  allowing  for  the  assured  beneficial  effects  of  these 
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upstream  reservoirs.  Beneficial  effects  are  assured  when: 

Empty  space  exists  at  the  beginning  of  a flood. 

b.  Dependable  release  criteria  guarantee  that  excess  water  will  be 
stored  in  that  reservoir. 

£.  If  a flood  capable  of  filling  the  flood  control  reservoir  occurs, 
a sufficient  proportion  of  the  runoff  will  occur  above  the  upstream  reser- 
voir to  fill  it. 

Water  storable  at  the  upstream  reservoir  can  be  estimated  as  illus- 
trated by  curve  a of  fig.  10.01,  the  development  of  which  is  described 
in  section  10.03.  A conservative  enveloping  technique  that  would  represent 
minimum  runoff  at  the  upstream  reservoir  should  be  used.  In  order  to  allow 
for  unforseen  contingencies,  it  may  be  wise  to  take  credit  for  not  more 
than  about  80  percent  of  the  portion  of  the  actual  and  usable  upstream 
storage  space  not  governed  by  flood  control  regulations.  Where  storage 
quantities  in  upstream  reservoirs  can  change  rapidly,  adequate  cormuni- 
cation  should  exist  in  order  to  assure  that  the  space  believed  to  be 
available  actually  does  exist  at  the  time. 

In  the  case  of  a conservation  reservoir  located  downstream  from  the 
flood  control  reservoir,  no  flood  control  allowance  for  the  empty  space 
can  ordinarily  be  made,  since  flood  control  releases  are  not  required  at 
the  dov/nstream  reservoir  when  water  is  stored  within  that  space.  The 
downstream  reservoir  will  usually  fill  early  and  then  provide  no  storage 
during  the  main  part  of  the  flood. 
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Space  usable  in  upstream  reservoir , 
with  minimum  releases. 

_ , j 10.01.  Division  of  flood-control  space 

Space  required  in  upstream  reservoir,  reservoirs  in  series 

with  maximum  releases. 


Section  10.03.  Flood  Control  Reservoirs  In  Series 


Where  tv/o  flood  control  reservoirs  exist  on  the  same  stream,  divi- 
sion of  the  required  flood  control  space  between  the  tv/o  reservoirs  can 
be  governed  by  criteria  developed  as  follov/s.  In  a case  of  more  than 
two  reservoirs  In  series,  the  principles  would  similarly  apply  to  each 
reservoir  In  turn,  beginning  with  the  farthest  reservoir  downstream. 

Route  the  project  design  flood  with  a maximum  proportion  of 
runoff  occurring  above  the  upper  reservoir,  and  all  pertinent  observed 
floods,  to  determine  In  each  case: 

(1)  Space  required  at  the  lov/er  reservoir  to  control  the 
flood  to  nondamaging  releases  from  the  lower  reservoir 
assuming  no  control  at  the  upper  reservoir, 

(2)  Space  required  at  the  upper  reservoir  to  control  the 
flood  to  nondamaging  flows  between  the  tv/o  reservoirs. 

b^.  Plot  a-(2)  vertically  against  a-(l)  horizontally  and  envelop 
all  values,  preferably  with  a straight  line.  Curve  b In  fig.  10.01  was 
obtained  In  this  way. 

£.  Route  the  project  design  flood  with  maximum  proportion  of  runoff 
occurring  between  the  two  reservoirs,  and  all  pertinent  observed  floods, 
to  determine  In  each  case: 

(1)  Space  required  at  the  lower  reservoir  to  control  the  flood 
to  non-damaging  releases  from  the  lower  reservoir,  assuming 
no  control  at  the  upper  reservoir. 


(2)  Space  usable  (water  storable)  at  the  upper  reservoir  If 
minimum  permissible  releases  are  maintained  at  the  upper 
reservoi r. 

Plot  c-(2)  vertically  against  c-(l)  horizontally  and  envelop 
on  the  lower  side,  preferably  with  a straight  line.  Curve  a in  fig.  10.01 
was  obtained  in  this  way. 

Space  required  in  the  upper  reservoir  is  that  indicated  by  curve  b 
of  fig.  10.01.  Space  required  in  the  lower  reservoir  is  the  difference 
between  total  required  space  and  that  available  in  the  upper  reservoir, 
except  that  credit  for  space  in  the  upper  reservoir  will  be  limited  to 
that  indicated  by  curve  a.  For  example,  if  the  total  storage  requirement 
for  the  tv/o  reservoirs  were  600,000  acre-feet,  a storage  of  about  90,000 
acre-feet  (curve  b)  would  be  required  for  the  upper  reservoir  and  275,000 
acre-feet  (curve  a)  would  be  usable  at  the  upper  reservoir.  If,  in  fact, 
the  upstream  reservoir  had  an  available  storage  of  200,000  acre-f*et,  the 
storage  required  at  the  lower  reservoir  would  be  600,000  - 200,000  or 
400,000  acre-feet. 

If  channel  capacity  constraints  between  the  two  reservoirs  are  such 
that  a relatively  large  amount  of  storage  is  required  at  the  upstream 
reservoir  to  prevent  flooding  between  the  reservoirs,  it  is  possible  that 
curve  b (fig.  10.01)  will  plot  above  curve  a.  In  this  case,  curve  b would 
dictate  the  storage  in  the  upper  reservoir,  and  required  storage  at  the 
lower  reservoir  would  equal  the  total  storage  minus  the  usable  storage 
at  the  upper  reservoir.  The  combined  storage  of  the  two  reservoirs  would 
exceed  the  "total"  storage. 
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Where  no  damages  occur  between  the  two  reservoirs,  and  with  unlimited 
outlet  capacity  at  the  upper  reservoir,  curve  b in  fig.  10.01  will  show 
a zero  space  requirement  for  the  upper  reservoir.  In  this  case,  mini- 
mum releases  would  normally  be  made  at  the  upper  reservoir  and  maximum 
space  would  be  reserved  in  the  lower  reservoir.  However,  releases  from 
the  two  reservoirs  should  be  scheduled  so  that  whenever  flood  control 
space  is  occupied,  the  remaining  empty  space  will  generally  be  divided 
between  the  two  reservoirs,  insofar  as  possible  within  the  range  of 
proportion  determined  in  subparagraphs  b and  d above.  Hov/ever,  in  cases 
where  releases  from  the  downstream  reservoir  are  controlled  by  the  outlet 
capacity  at  that  dam,  an  effort  should  be  made  to  maintain  the  stage  as 
high  as  feasible  and  necessary  in  the  lower  reservoirs  in  order  to  main- 
tain higher  head  on  the  outlets  and  thus  make  higher  flood  releases 
possible. 

Section  10.04.  Flood  Control  Reservoirs  in  Parallel 

Where  two  flood  control  reservoirs  exist  on  separate  streams  tribu- 
tary to  a single  stream  where  flood  damages  occur,  and  where  it  is 
economically  and  hydrological ly  feasible  to  fully  coordinate  the  operation 
of  the  two  reservoirs,  division  of  the  required  flood  control  space  be- 
tween the  two  reservoirs  can  be  governed  by  criteria  developed  as  follows: 

i.  Route  the  project  design  flood  with  maximum  proportion  of  runoff 
occurring  above  reservoir  A,  and  all  pertinent  recorded  floods,  with  max- 
imum feasible  nondamaging  releases  from  reservoir  A and  the  remainder 
of  nondamaginq  releases  from  reservoir  B,  to  determine  minimum  space 
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requirement  at  reservoir  A.  Plot  space  required  at  A versus  total  space 
required,  and  envelop  the  plotted  points,  preferably  with  a straight 
line. 


b.  Route  the  project  design  flood  with  maximum  proportion  of  runoff 
occurring  above  reservoir  B,  and  all  pertinent  recorded  floods,  with 
maximum  feasible  nondamaging  releases  from  reservoir  B and  the  remainder 
of  nondamaging  releases  at  reservoir  A to  determine  space  usable  at  re- 
servoir A.  Plot  space  usable  at  A versus  total  space  required  and  envelop 
on  the  lower  side,  preferably  with  a straight  line. 

c.  The  proportion  of  total  required  space  that  should  be  located 
in  reservoir  A is  intermediate  between  these  two  envelope  curves,  and 
should  generally  remain  a flexible  amount  where  operational  flexibility 
is  desirable.  The  difference  between  the  total  required  space  and  that 
usable  in  reservoir  A is  the  minimum  required  in  reservoir  B.  Similarly, 
the  difference  between  the  total  required  space  and  that  required  in 
reservoir  A is  that  usable  in  reservoir  B. 

d.  Releases  from  the  two  reservoirs  should  be  scheduled  so  that 
whenever  flood  control  space  is  occupied,  the  remaining  empty  space  will 
be  divided  between  the  two  reservoirs,  insofar  as  possible,  within  the 
range  of  proportion  indicated  in  c above. 

Section  10.05.  Index  Levels  and  the  Equivalent  Reservoir  Concept 

In  simulating  the  operation  of  a reservoir  system,  it  has  been  found 
useful  to  employ  concepts  of  “index  levels"  and  “equivalent  reservoirs" 
for  determining  release  priorities  among  reservoirs.  Index  levels  are 
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integer  numbers  assigned  to  certain  elevations  in  a reservoir.  The 
levels  are  assigned  in  such  a way  as  to  control  the  “balancing"  of  the 
reservoir  system.  A system  is  "in  balance"  v/hen  all  reservoirs  are  at 
the  same  index  level.  The  level  of  a given  reservoir  at  a given  point 
in  time  is  obtained  by  linear  interpolation  in  a table  of  index  levels 
versus  storage  for  the  reservoir.  In  balancing  levels  among  reservoirs, 
priority  for  releases  is  governed  by  the  criteria  that  reservoirs  at  the 
highest  levels  at  a given  point  in  time  are  given  first  priority  for 
making  releases.  Exhibit  4 in  Appendix  1 illustrates  how  index  levels 
can  be  chosen  to  control  operation  rules  for  a reservoir  system.  Pro- 
cedures in  section  10.03  and  10.04  can  be  useful  in  establishing  the 
amount  of  storage  in  each  reservoir  for  each  index  level. 

In  determining  the  priority  of  reservoir  releases  among  parallel 
reservoirs,  or  among  subsystems  of  a reservoir  system,  the  concept  of  an 
"equivalent  reservoir"  is  used.  For  example,  consider  a situation  in 
which  tv/o  parallel  reservoirs  are  upstream  from  a third,  as  shovm  in  fig. 
10.02.  Table  10.01  shov/s  level-storage  characteristics  for  a reservoir 
equivalent  to  the  three  reservoirs. 

Suppose  that  it  is  desired  to  determine  the  amount  of  release  to 
make  from  reservoirs  1 and  2 and  that  storages  in  reservoirs  1,  2 and  3 
at  the  end  of  the  previous  time  period  are  35,  12.5  and  3,  respectively. 
For  these  storages,  the  equivalent  reservoir  storage  is  50.5  and  the  equi- 
valent level  is  3.97.  The  levels  of  reservoirs  1,  2 and  3 are  4.5,  3.5 
and  2.5,  respectively.  A criteria  that  could  be  used  to  control  releases 
is  that  releases  will  be  made  from  an  upstream  reservoir  (reservoir  1 or 
2)  if  its  level  is  above  the  greater  of  the  level  of  reservoir  3 or  the 
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Reservoir  Z 


Reservoir  3 


F1g.  10.02.  Reservoir  configuration  for 
equivalent  reservoir  example 


Cumulative  Storage  - Acre  Feet 

Index 

Equivalent 

Level 

Reservoir  1 

Reservoir  2 

Reservoir  3 

Reservoi r 

5 

40 

20 

8 

68 

4 

30 

15 

6 

51 

3 

20 

10 

4 

34 

2 

10 

5 

2 

17 

1 1 

0 

0 

0 

0 

Table  10.01.  Equivalent  reservoir  level 
storage  characteristics 


10*^ 


i 

I 

i 

equivalent  reservoir  level  (reservoirs  1,  2 and  3).  Therefore,  a re-  j 

1 

1 

lease  would  be  made  from  reservoir  1 and  not  from  reservoir  2 because  | 

the  level  of  reservoir  1 is  above  the  equivalent  reservoir  level  and  the  i 

I 

level  of  reservoir  2 is  below  the  equivalent  reservoir  level.  The  actual 

releases  would  of  course  be  governed  by  physical  and  other  constraints  I 

i 

that  must  be  met.  I 

Computer  program  HEC-5C,  which  is  described  in  detail  in  Appendix  j 

1,  uses  both  the  index  level  and  equivalent  reservoir  concepts  in  simu-  j 

1 

lating  operation  of  reservoir  systems. 


I 

I 
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CHAPTER  11.  OPERATION  COMPROMISE  FOR  RAINFLOOOS 

Section  11.01.  Operation  Conflicts 

There  is  practically  no  case  of  multiple  use  of  reservoir  space 
where  the  accomplishment  of  one  objective  does  not  interfere  to  some 
extent  with  the  accomplishment  of  other  objectives.  Since  there  is  in 
all  cases  a conflict  of  interest,  there  is  sometimes  the  temptation  to 
depart  from  flood  control  regulations  in  the  interest  of  other  objectives, 
particularly  irrigation  and  power  generation.  The  temptation  to  infringe 
on  flood  control  space  is  sometimes  strong,  because  usually  losses  to 
other  functions  are  obvious,  and  losses  to  flood  control  (although  poten- 
tially much  greater)  may  not  occur  or  indeed  probably  will  not  occur  in 
any  particular  case.  Consequently,  a very  rigid  attitude  against  infringe- 
ment on  flood  control  space  must  be  maintained  at  all  times.  However,  when 
the  flood  control  rules  are  formulated,  it  must  be  recognized  that  there 
are  certain  periods  in  the  year  when  the  probability  of  floods  is  low  and 
the  value  of  space  for  other  purposes  is  particularly  high,  and  consider- 
ation should  be  given  to  reducing  the  flood  control  requirements  during 
these  periods  and  increasing  them  at  other  times. 

Section  11.02.  Early  Filling  Requirements 

In  many  cases,  provision  of  the  full  flood  control  space  until  the 
end  of  the  rain-flood  season  will  prevent  the  use  of  such  sp^ce  during  the 
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non-flood  season  for  other  purposes.  Generally  this  occurs  where  there 
is  very  little  runoff  after  the  end  of  the  flood  season.  In  these  cases 
a reduction  in  the  required  flood  control  space  toward  the  end  of  the 
season  can  be  considered,  but  the  reduction  should  be  minor  if  assured 
flood  protection  is  to  be  obtained.  There  have  been  many  disastrous 
consequences  of  too-early  reservoir  filling.  A suggested  rule  to  follow 
is  to  diminish  normal  flood  control  requirements  only  where  the  addi- 
tional space  is  required  and  more  beneficial  for  other  purposes,  but  to 
provide  on  any  date  at  least  two-thirds  of  the  flood  control  space  that 
would  be  required  for  that  day  by  normal  flood  control  criteria.  A 
means  of  compensating  for  such  reduction  of  space  requirefnent  is  sug- 
gested below. 


Section  11.03.  Delayed  Drawdown 

For  the  beginning  of  a flood  season,  it  may  be  desirable  to  incor- 
porate in  the  diagram  a moderate  reservoir  drawdown  provision  that  would 
result  in  emptying  the  flood  control  space  at  a later  date  than  that 
required  for  full  flood  protection,  in  order  to  increase  the  effective 
use  of  the  released  water.  Decisions  to  do  this  should  be  based  on 
principles  and  considerations  discussed  in  the  preceding  paragraph. 
Reduction  should  generally  not  be  made  unless  important  conservation 
benefits  are  thereby  obtained  and  should  not  be  made  to  the  extent  that 
would  seriously  impair  assured  flood  protection. 
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Section  11.04.  Transition  Operation 


The  nature  of  flood  control  rules  is  ordinarily  such  that  flood 
releases  are  often  not  required  until  It  Is  estimated  that  full  releases 
should  be  continued  until  the  flood  terminates.  This  minimizes  the 
possibility  of  wasting  water  unnecessarily.  If  transition  criteria  be- 
tween normal  conservation  operation  and  flood  control  operation  are 
considered  necessary,  they  should  be  Incorporated  Into  the  rules,  and 
the  required  flood  control  space  would  thereby  be  Increased.  Where  re- 
leases over  and  above  normal  conservation  uses  can  be  utilized,  consider- 
ation should  be  given  to  releasing  at  Intermediate  rates  during  periods 
when  a surplus  of  water  is  apparent  and  maximum  flood  control  releases 
are  not  yet  required.  (In  the  case  of  snowmelt  runoff  that  can  be  fore- 
cast far  in  advance,  this  can  be  accomplished  by  a separate  set  of 
parameters  based  on  releases  at  a specified  intermediate  rate  between  any 
given  date  and  the  date  the  reservoir  is  expected  to  fill.) 

After  flood  waters  have  been  stored  In  a reservoir  where  high  release 
rates  are  employed.  It  Is  necessary  to  plan  the  reduction  of  the  releases 
so  that  they  will  be  reduced  to  conservation  rates  by  the  time  the  flood 
control  space  has  been  evacuated,  without  exceeding  the  safe  rate  of  re- 
duction. This  can  be  done  by  constructing  a set  of  curves  similar  to 
those  shown  In  fig.  11.01  as  follows: 

a.  Determine  a safe  rate  of  reduction  of  flood  release  for  various 
release  rates.  This  should  usually  be  such  that  the  rate  of  fall  of  down- 
stream river  stages  will  be  somewhat  less  than  the  maximum  observed  rate 
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Release  during  next  3 hours  in  thousand  e.f.s 


NOTES t 

1.  For  use  only  when  peak  inflow  is  past  or  no  large  inorease 
in  inflow  is  anticipated. 

2.  Paraaeter  walues  are  current  inflow  in  thousand  e.f.s. 

3.  Do  not  change  release  nore  than  10(000  e.f.s*  during  any 
2-hour  period. 


Fig,  11,01.  Criteria  for  reduction 
of  flood  releases 


of  fall  of  preproject  river  stages  after  floods.  For  example,  fig.  11. 91 
is  based  on  the  following  schedule: 


Range  of  release 

5,000  - 25,000 

25.000  - 60,000 

60.000 


Rate  of  change 
of  release 
per  3 hours 

5.000  cfs 

6.000  cfs 
10% 


Rate  of  change 
of  river  stage 
(ft/3  hours) 

2.2  - 1.2 

1.4  - 1.1 

1.1  - 1.7 


b.  For  selected  periods  of  time  prior  to  the  time  that  releases  are 
reduced  to  conservation  rates,  compute  the  volume  of  water  that  would  be 
released  in  accordance  with  the  adopted  release  reduction  schedule  (see 
column  3 of  table  11.01.) 

c.  Select  a rate  of  inflow  recession  which  is  somewhat  less  than 
the  most  rapid  observed  rate  of  inflow  recession  after  floods.  This  is 
expressed  as  the  time  in  days  required  for  the  flow  to  recede  from  a value 
Q to  a value  equal  to  Q/2.713,  and  is  designated  as  T^.  The  curves  of 
fig.  11.01  are  based  on  a value  of  T^  = .542  days. 

d.  The  volume  under  a logarithmic  recession  curve  during  a period 
of  t days  after  an  initial  inflow  Q is  given  by  the  following  equation: 

-t/T. 

V - 1.98  Tj  Q (1  - e (11-1) 

in  which: 

V • volume  under  the  recession  curve  in  acre- feet 
Tj  * the  recession  time  constant  in  days  (see  c above) 

Q ■ the  initial  inflow  in  c.f.s. 
t ■ time  in  days  after  the  initial  inflow 


11-05 


Table  11.01 


10.5 


Using  this  equation,  compute  the  volume  of  inflow  (V)  for  each  of  several 
assumed  values  of  initial  inflow  (Q)  and  for  values  of  t corresponding  to 
periods  of  release  given  in  column  1,  table  11.01  (see  columns  4 to  13, 
table  11.01.) 

f.  For  corresponding  periods  of  time,  subtract  these  inflow  volumes 
from  the  release  volumes  (column  3 of  table  11.01)  to  obtain  values  of 
flood  control  storage  (see  columns  14  to  23  of  table  11.01)'. 

£.  Release  during  the  next  3 hours  (column  2 of  table  11.01)  is 
plotted  against  flood  control  storage  (columns  14  to  23,  table  11.01)  for 
each  of  the  assumed  values  of  initial  inflow  to  obtain  the  curves  of 
fig.  11.01.  The  parameter  values  of  the  curves  are  equal  to  the  assumed 
initial  inflow. 

In  using  the  curves  constructed  as  described  above,  whenever  the 
indicated  release  corresponding  to  the  current  inflow  and  current  flood 
control  storage  is  less  than  the  current  release,  the  release  should  be 
reduced  to  the  indicated  value.  This  process  is  repeated  each  interval 
(every  3 hours,  in  this  case)  until  the  release  has  been  reduced  to  con- 
servation rates.  Fig.  11.02  illustrates  the  use  of  release-reduction 
criteria. 

Section  11.05.  Means  of  Compensating  for  Space  Reduction 

Whenever  regulations  provide  less  flood  control  space  at  any  parti- 
cular time  than  would  be  required  for  complete  control  of  design  rain 
floods  with  seasonal  adjustment  (in  order  to  increase  the  overall  accom- 
plishments of  the  project),  compensating  changes  in  constructing  the 
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Fig.  11,02.  Hypothetical  operation  of  recorded  flood 


diagram  should  be  made,  if  feasible,  or  benefits  claimed  for  the  control 
of  floods  should  be  correspondingly  reduced.  A suggested  procedure  is 
as  follows: 

Construct  a flood  control  diagram  in  accordance  with  principles 
discussed  above  so  that  assured  control  of  the  project  design  storm  or 
flood  is  obtained.  It  is  recognized  that  the  element  of  chance  is  con- 
sidered in  constructing  flood  control  diagrams,  but  the  diagram  should 
be  such  that  the  difference  between  accomplishments  with  the  diagram  and 
accomplishments  obtained  by  providing  the  maximum  flood  control  space 
inviolate  at  all  times  is  not  greater  than  5 percent  and  preferably  in 
the  order  of  1 or  2 percent. 

Reduce  required  space  during  the  period  in  question  by  not  more 
than  one-third  (i.e.,  allow  reservoir  to  be  drawn  down  by  a later  date 
or  to  begin  filling  on  an  earlier  date,  but  provide  at  any  date  at  least 
two-thirds  of  the  space  required  on  that  date  by  the  normal  flood  control 
cri teria). 

c.  Increase  all  ordinates  of  empty  space  by  a constant  ratio  so 
that  the  area  of  the  flood  control  diagram  is  equal  to  the  original 
corresponding  area. 


11-09 


CHAPTER  12.  USE  OF  COMPUTER  PROGRAMS 


( 


t 
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Many  of  the  computations  needed  for  developing  operation  rules  and 
criteria  for  flood  control  reservoirs  can  be  accomplished  by  use  of  elec- 
tronic computer  programs  contained  in  the  various  volumes  of  this  report. 

The  computer  program  HEC-1,  which  is  described  in  Appendix  1 of 
Volume  1,  is  capable  of  computing  design  floods  and  typical  floods  used 
for  evaluating  project  accomplishments. 

Computer  program  HEC-5C,  which  is  described  in  detail  in  Appendix 
1 of  this  volume,  is  intended  for  simulation  of  the  sequential  operation 
of  a system  of  reservoirs  of  any  configuration  for  short  interval  histori- 
cal or  synthetic  floods  or  for  long  duration  non-flood  periods  or  for 
combinations  of  the  two.  The  program  may  be  used; 

To  determine  flood  control  and  conservation  storage  requirements 
of  each  reservoir  in  a system. 

To  determine  the  influence  of  a system  of  reservoirs  on  the 
spatial  and  temporal  distribution  of  runoff  in  a basin. 

c.  To  evaluate  operational  criteria  for  both  flood  control  and 
conservation  for  a system  of  reservoirs. 

To  determine  the  average  annual  flood  damages,  system  costs,  and 
system  net  benefits  for  flood  damage  reduction. 

To  determine,  by  simulating  selected  alternative  systems,  the 
system  of  existing  and  proposed  reservoirs  or  other  alternatives,  including 
nonstructural  alternatives,  that  produces  the  maximum  net  benefits  for 
flood  control. 


I 

I 

I 
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Reference  10  illustrates  in  considerable  detail  how  HEC-5C  can  be 


used  to  analyze  structural  and  nonstructural  flood  control  measures. 

A program  for  computing  the  discharge  capacity  of  outlets  for  various 
openings  of  sluice  gates  is  included  as  Appendix  2 of  this  volume  and  is 
entitled  "Conduit  Rating  - Partial  Gate  Openings." 

A program  for  computing  the  discharge  capacity  of  a spillway  for 
various  openings  of  tainter  gates  is  included  as  Appendix  3 of  this 
volume  and  is  entitled  "Spillway  Rating  - Partial  Tainter  Gate  Openings." 

The  program  "Spillway  Rating  and  Flood  Routing,"  which  is  designed 
to  facilitate  the  selection  of  spillway  characteristics  and  to  route 
floods  through  spillways,  is  described  in  Appendix  4. 

Appendix  5 contains  a description  of  c program  entitled  "Spillway 
Gate  Regulation  Curve,"  which  performs  most  of  the  computations  required 
for  the  development  of  emergency  release  diagrams  discussed  in  Chapter  6. 

The  techniques  employed  in  all  of  the  above  computer  programs  and  the 
manner  in  which  thejr  are  used  are  discussed  in  detail  in  the  descriptions 
constituting  each  Appendix. 
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GLOSSARY 


RESERVOIR  POOL  ELEVATIOtlS. 

a.  References  to  reservoir  pool  “level"  or  "elevation"  apply 
to  water  surface  elevations  in  the  reservoir  near  the  dam  site,  ex- 
clusive of  wave  action  and  wind-tide  effects. 

b.  Normal  Full  Pool  Elevation;  This  term  corresponds  to  the 
top  reservoir  level  that  would  be  attained  for  routine  storage  of 
water  for  flood  control,  hydroelectric  power,  low-flow  augmentation, 
recreation,  sediment  control,  or  other  authorized  storage  uses;  this 
level  corresponds  to  the  "total  design  capacity"  of  the  reservoir 
selected  initially  on  the  basis  of  planning  and  design  studies,  ex- 
cluding surcharge  storage  that  is  provided  primarily  to  reduce  costs 
of  constructing  and  maintaining  the  dam  and  appurtenances  or  to 
improve  safety  of  operation  during  emergencies. 

c.  Surcharge  Pool  Elevation;  Any  accumulation  of  storage 
above  the  "Normal  Full  Pool  Elevation"  is  referred  to  as  "surcharge". 
The  highest  surcharge  pool  level  attained  during  the  passage  of  a 
particular  flood  is  referred  to  as  the  "Maximum  Surcharge  Elevation" 
for  that  flood.  Inasmuch  as  the  accumulation  of  surcharge  storage 
during  a particular  flood  is  dependent  upon  the  plan  of  reservoir 
operation  adhered  to,  and  the  initial  pool  level,  these  should  be 
identified  with  any  designation  of  maximum  surcharge  elevation. 

d.  Induced  Surcharge  Elevation:  The  accumulation  of  surcharge 
storage  above  the  normal  full  pool  level  during  a particular  flood  may 
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be  "induced",  entirely  or  in  part,  by  operating  the  regulating  out- 
lets and/or  spillway  gates  at  partial  openings.  Such  operations  can 

I 

serve  to  reduce  peak  reservoir  outflow  rates  and/or  permit  a more 
gradual  Increase  ^n  downstream  river  stages,  while  higher  surcharge 
elevations  are  caused  In  the  reservoir.  Although  Induced  surcharge 
may  be  utilized  to  obtain  additional  flood  control  effectiveness  or 
safer  operation  of  a project  In  some  cases,  the  storage  space  used 
Is  not  Identified  as  primary  flood  control  capacity  and  does  not 
affect  the  designation  of  the  "Normal  Full  Pool  Elevation",  as  pre- 
viously defined. 

e.  Storage  Rule  Curve  Elevations;  In  multiple-purpose  reser- 
voirs, It  Is  comnon  practice  to  establish  elevation  guide  lines  to 
govern  the  accumulation  and  drawdown  of  storage  for  various  uses,  with 
appropriate  variations  by  seasons  to  conform  with  functional  needs 
and  runoff  probabilities.  For  example,  a "rule  curve"  or  "guide 
line"  may  permit  a relatively  high  reservoir  level  to  be  maintained 
for  the  benefit  of  hydroelectric  power  development  during  seasons  of 
the  year  when  flood  problems  are  a minimum,  and  require  drawdown  to 
lower  levels  to  provide  greater  storage  space  for  flood  control  as 
the  most  severe  flood  season  approaches.  When  It  Is  necessary  to 
store  water  above  the  "power  pool  rule  curve"  In  order  to  control 
floods,  such  storage  would  normally  be  evacuated  as  promptly  as  possi- 
ble without  adding  to  downstream  flood  conditions,  making  releases 
not  only  through  the  power  turbines  but  also  through  flood  control 
outlets  If  necessary;  In  some  cases,  evacuation  of  storage  above  the 
power  rule  curve  may  be  delayed  to  avoid  or  reduce  wasting  of  water. 


If  flood  forecasts  or  probability  analyses  warrant  such  action. 
Elevation  rule  curves  are  also  used  to  govern  seasonal  changes  In 
recreation  pool  levels,  storage  accumulations  and  drawdown  for 
water  supply,  low-flow  augmentation,  and  other  multiple-purpose 
reservoir  storage  uses.  These  rule  curves,  established  on  the  bases 
of  economic  studies  and  hypothetical  reservoir  operation  and  analyses 
usually  have  an  Important  bearing  on  project  design  requirements. 

f.  Inactive  Pool  Elevation;  Refers  to  the  lowest  elevation 
to  which  a reservoir  would  be  drawn  to  attain  primary  project  design 
objectives.  Any  releases  made  when  the  pool  Is  below  this  level 
normally  would  be  the  minimum  required  to  meet  legal  requirements  or 
emergency  provisions. 

g.  Dead  Storage  Elevation;  The  lowest  elevation  at  which  It 
Is  practicable  to  release  water  from  the  reservoir,  as  governed  by 
design  of  outlet  facilities. 

2.  RESERVOIR  STORAGE  SPACE  CATEGORIES. 

a.  Unless  otherwise  Indicated,  references  to  "storage  space" 
correspond  to  the  reservoir  capacity  available  between  two  flat  pool 
elevations  as  Indicated  by  appropriate  elevation-capacity  curves. 

b.  Sediment  Storage  Capacity  Allowances:  Refers  to  storage 
space  allowance  provided  for  deposition  of  sediment  within  reservoir 
limits  during  the  assumed  life  of  the  project.  If  the  sediment  accu- 
mulation expected  Is  so  small  as  to  have  a relatively  small  effect 

In  depleting  storage  required  for  primary  reservoir  functions,  allow- 
ances for  sediment  are  usually  Included  as  a part  of  the  "Inactive 


£ 


storage"  capacity;  otherwise,  special  studies  are  required  to  esta- 
blish acceptable  estimates  of  amounts  that  various  storage  use 
allocations  will  be  affected  by  sediment  depositions. 

c.  Inactive  Storage  Capacity;  Includes  the  gross  capacity 
below  the  "Inactive  storage  elevation." 

d.  Drawdown  Storage  Capacities:  Refers  to  storage  space 
reserved  for  Impoundment  of  runoff  during  some  periods  for  the  ex- 
press purpose  of  retaining  the  water  for  later  release  when  needed 
for  Industrial  and  municipal  water  supplies.  Irrigation,  hydroelec- 
tric power  generation,  water  quality  Improvement  downstream,  en- 
hancement of  downstream  navigation,  and  other  water  uses.  The  same 
drawdown  storage  space  may  serve  several  of  the  water  use  objectives 
referred  to,  provided  the  total  space  Is  large  enough  to  regulate 
flows  within  acceptable  provisions  of  scheduling;  In  such  cases,  the 
drawdown  storage  space  Is  referred  to  as  a "joint  use"  pool,  further 
designated  by  design  purposes  Involved. 

e.  Primary  Flood  Control  Storage  Capacity;  Refers  to  any 
storage  space  below  the  "Normal  Full  Pool  Elevation"  In  which  storage 
runoff  and  subsequent  releases  therefrom  are  made,  with  control  of 
downstream  floods  as  a primary  objective.  The  primary  flood  control 
storage  capacity  reserved  In  a reservoir  may  be  varied  on  a fixed 
rule  curve  basis  to  provide  the  largest  capacity  during  seasons  when 
flood  control  needs  are  greatest. 

f.  Joint  Use  Flood  Control  Storage  Capacity;  Refers  to  storage 
capacity  that  Is  made  available  for  flood  control  use  on  a flood- 
runoff  forecast  basis,  and/or  with  certain  limitations  on  use  In 


conjunction  v^lth  some  other  storage  function*  such  as  hydroelectric 
power  or  irrigation.  The  terra  does  not  apply  to  “incidental"  flood 
control  use  of  storage  that  is  not  governed  by  specific  rules  to 
assure  availability  of  the  storage  space  according  to  conditions 
established  prior  to  the  flood  occurence. 

3.  SPILLWAY. 

In  broad  terras,  a “spillway"  may  be  defined  as  any  passageway, 
channel,  or  structure  designed  expressly  or  primarily  to  discharge 
"excess"  water  from  a reservoir  after  the  design  storage  capacity 
and  design  discharge  capacities  of  regulating  outlets,  turbines,  and 
other  project  facilities  have  been  used  to  perform  normal  operating 
functions. 

4.  REGULATING  OUTLETS. 

In  design  studies  it  is  usually  desirable  to  distinguish  be- 
tween "regulating  outlets"  provided  primarily  for  routine  operation 
of  a reservoir  and  "spillway"  facilities  intended  primarily  for  use 
in  discharging  excess  waters.  Inasmuch  as  many  different  design  con- 
siderations are  Involved.  However,  regulating  outlets  and  spillways 
usually  are  complementary  structures.  A variety  of  combinations 
have  been  adopted  to  conform  with  various  functional  needs  and  design 
advantages.  Under  some  circumstances,  regulating  outlets  are  Inoper- 
able during  severe  floods  because  of  lack  of  access  to  operating 
towers,  or  because  heads  exceed  those  for  which  the  outlets  were  de- 
signed. On  the  other  hand,  some  regulating  outlets  ^at  are  provided 
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primarily  to  serve  routine  operating  functions,  before  the  design 
storage  capacity  of  the  reservoir  Is  exceeded,  are  also  designed  to 
discharge  "excess"  waters  when  required,  usually  with  the  objective 
of  reducing  the  frequency  of  emergency  or  limited-service  spillway 
operations;  such  a structure  may  be  designated  as  a "service  spill- 
way", If  the  capacity  to  discharge  excess  waters  Is  a major  portion 
of  Its  total  capacity*  In  contrast,  some  spillways  are  used  regu- 
larly or  occasionally  to  make  routine  reservoir  releases  associated 
with  flood  control  operations  or  to  augment  downstream  flows  for 
navigation,  pollution  control,  or  other  purposes. 

5.  CONTROLLED  AND  UNCONTROLLED  SPILLWAYS. 

Many  types  and  plans  of  controlled  and  uncontrolled  spillways 
are  used  to  conform  with  advantages  and  requirements  of  various  dam 
and  reservoir  sites.  A spillway  Is  designated  as  an  "uncontrolled" 
type  when  there  are  no  gates,  stoplogs,  or  other  means  of  preventing 
free  overflow  when  the  reservoir  exceeds  the  crest  elevation;  the 
terms  "ungated"  or  "free  overflow"  are  commonly  used  In  the  same  sense. 
A "controlled"  spillway  type  Is  equipped  with  crest  gates,  stoplogs, 
or  other  movable  structures  to  permit  various  degrees  of  variation 
In  outflow  rates  when  reservoir  levels  exceed  the  spillway  crest 
elevation;  the  term  "gated"  Is  usually  supplemented  with  Information 
to  Identify  the  structural  or  mechanical  type  of  gate  Involved. 
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6.  STANDARD  PROJECT  FLOOD  (SPF). 

The  SPF  hydrograph  represents  critical  concentrations  of  runoff 
from  the  most  severe  combination  of  precipitation  (and  snowmelt • If 
pertinent)  that  Is  considered  "reasonably  characteristic"  of  the  I 

drainage  basin  Involved.  The  SPF  peak  discharge  and  volume  Is  usually  * 

equal  to  about  40X  to  60%  of  the  PMF  estimate  for  the  same  drainage 
basin*  when  the  comparison  Is  related  to  rainfall  concentrated  In 
approximately  4 days  or  less.  In  studies  Involving  reservoirs  In 
which  storage  effects  are  Important,  the  SPF  derived  from  relatively 
short  period  rainfall  (4  days  or  less)  Is  usually  assumed  to  follow 
a period  of  substantial  flood  runoff,  the  combination  being  referred 
to  as  the  "SPF  Series." 

7.  PROBABLE  MAXIMUM  FLOOD  (PMF). 

This  term  Identifies  estimates  of  hypothetical  flood  character-  | 

Istics  (peak  discharge,  volume  and  hydrograph  shape)  that  are  consl-^  « 

dered  to  be  the  most  severe  "reasonably  possible"  at  a particular  | 

location,  based  on  relatively  comprehensive  hydrometeorological  i 

analyses  of  critical  runoff-producing  precipitation  (and  snowmelt.  If 
pertinent)  and  hydrologic  factors  favorable  for  maximum  flood  runoff. 

8.  SPILLWAY  DESIGN  FLOOD  (SOF). 

This  term  refers  to  the  reservoir  Inflow-discharge  hydrograph 
used  In  estimating  the  maximum  spillway  discharge  capacity  and  maxi-  i 

mun  surcharge  elevation  finally  adopted  as  a basis  for  project  design 
assunlng  the  Initial  reservoir  pool  elevation  and  general  plan  of 
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water  releases  (through  the  spillway,  regulating  outlets,  hydro- 
power  turbines  and  other  outflow  facilities)  specified  in  the 
reservoir  regulation  plan  established  for  use  under  critically 
severe  flood  conditions.  The  spillway  design  flood  estimate  for 
a particular  project  may  conform  with  the  PMF,  the  SPF,  or  some 
other  magnitude  of  flood,  depending  upon  the  degree  of  hazard 
that  might  result  from  overtopping  of  the  dam. 


SECURITY  CLASSIFICATION  OF  THIS  PACE  r»h«n  Data  Bn(ara« 


REPORT  DOCUMENTATION  PAGE 


4.  TTtLE  (and  SubUUm) 


oTbgic  Engineering  Methods  for  Water 
I Resources  Developmenta 
! Volume  7,  Flood  Control  By  Reservoirs# 


7.  AUTHORfa) 


^leo  R./%eard 


9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

The  flydrologic  Engineering  Center*' 

Corps  of  Engineers,  U.  S.  Army 

609  Second  Street,  Davis,  California  95616 


II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

U.  S.  Army  Corps  of  Engineers 
Washington,  D.  C. 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


S.  RECIPIENT'S  CATALOG  NUMBER 


S.  TYPE  OF  REPORT  • PERIOD  COVERED 


li 


■ PERFORMING  ORG.  REPORT  NUMBER 


9.  CONTRACT  OR  GRANT  NUMBERfa> 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  A WORK  UNIT  NUMBERS 


la.  report  DATE 

June  1975  - 


4.  monitoring  agency  name  b AODRESS^//  dttferent  treok  Controlllnd  Ottice) 

Unclassified 

ls«.  declassification/downgrading 

SCHEDULE 

16.  DISTRIBUTION  STATEMENT  fo/  thit  Report) 

Distribution  of  this  document  is  unlimited. 


17.  DISTRIBUTION  STATEMENT  (oi  thm  mb^ttaet  mttmfd  In  Btcek  20,  II  diUmrwtt  freak  Report) 


IS.  KEY  WORDS  (Continue  on  rereree  aide  It  neeeeaerf  and  Identity  by  block  ntmber) 

International  Hydrological  Decade 
. Flood  Control 

Reservoir  Operation 
\ Rule  Curves 


20.  aBS^ACT  (Continue  am  iewmaa  eldm  ttnatacaaep  and  tdemtHy  Sy  block  number) 

This  is  Volume  7 of  a 12-volume  report  prepared  by  The  Hydrologic 
Engineering  Center  as  a part  of  the  U.  S.  Army  Corps  of  Engineers' 
contribution  to  the  International  Hydrological  Decade.  Basic  prin- 
ciples of  reservoir  operation  for  flood  control  are  presented  and 
procedures  for  establishing  operational  criteria  are  described. 
Topics  include  determination  of  reservoir  release  rates,  regulation 
of  the  reservoir  design  flood,  considerations  for  determining  outlet 


DO  .'.STn  i4n  EornoN  OP  t NOV  sb  is  oobolete 


Unclassified 

SECURITY  CLAmPICATIOM  OP  THIS  PAOE 


SKCUKTY  CLASaiPICATION  Or  THIS  PAOKpibc 


Dmtm  MnlandD 


and  spillway  regulation,  determination  of  rule  curves,  and  procedures 
for  analyzing  multiple-reservoir  operation.  The  applicability  of 
computer  simulation  for  establishing  operational  criteria  is  discussed 
and  several  computer  programs  are  described  In  the  appendixes. 


Unclassified 

SKCUNITV  CUAtSIPICATION  OF  THIS  PAOCOIfiwi  OM*  BntMK) 


* U.S.  GOVEWKNT  PRINTING  OFFICE;  »77-70»-0G3/7360 


=ar 


HYDROLOGIC 

Volume  1 
Volume  2 
Volume  3 
Volume  4 
Volume  5 
Volume  6 
Volume  7 
Volume  8 
Volume  9 
Volume  10 
Volume  11 


ENGINEERING  METHODS  FOR  WATER  RESOURCES  DEVELOPMENT 

Requirements  and  General  Procedures,  1971 
Hydrologic  Data  Management,  1972 
Hydrologic  Frequency  Analysis,  1975 
Hydrograph  Analysis,  1973 
Hypothetical  Floods,  1975 
Water  Surface  Profiles,  1975 
Flood  Control  By  Reservoirs,  1976 
Reservoir  Yield,  1975 

Reservoir  System  Analysis  for  Conservation,  1976 
Principles  of  Ground  Water  Hydrology,  1972 
Water  Quality  Determinations,  1972 
Sediment  Transport,  1976 


Volume  12 


